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ABSTRACT
P e s t  management i s  r e q u i re d  to  d e c re a se  th e  i n s e c t  damage 
i n f l i c t e d  on a g r i c u l t u r a l  c rops  such as  soybeans.  P e s t i c i d e s  a re  
used t o  co n t ro l  t h e s e  p e s t s ,  bu t  to  f r e q u e n t l y  w i th o u t  e v a lu a t io n  
o f  p e s t  p o p u la t io n  and crop dynamics. I t  i s  n e cessa ry  t o  c o n s id e r  
t h e s e  dynamics when seek ing  t h e  b e s t  t ime o r  t im es  t o  apply 
p e s t i c i d e s .  The o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  to  develop a model ing/  
o p t im iz a t io n  te c h n iq u e  t h a t  perm its  development o f  optimal co n t ro l  
p o l i c i e s  which minimize t h e  combined c o s t  o f  i n s e c t  p e s t  co n t ro l  
by p e s t i c i d e s  and economic y i e l d  l o s s  from p e s t  damage. A procedure  
from v a r i a t i o n a l  c a l c u l u s  and a n o n - l i n e a r  programming t ech n iq u e  a re  
used in d ependen t ly  f o r  th e  numerical o p t im iz a t io n  o f  t h e  model.
Optimal c o n t ro l  p o l i c i e s  a r e  developed which a r e  d i s t r i b u t e d  both 
in  t ime and in  t ime and s p e c ie s  age.
The soybsan p e s t s  modeled by d i s t r i b u t e d  param eter  dynamic models 
a r e  t h e  Southern  green  s t i n k  bug, Nezara v i r i d u l a  (L in n a e u s ) ,  and th e  
v e l v e t  bean c a t e r p i l l a r ,  Anti  c a r s  i a gemmatali  s Hubner. The s t i n k  bug 
and c a t e r p i l l a r  a l t e r  the  soybean p l a n t  m o d e l ' s  y i e l d  by depodding 
and d e f o l i a t i o n .  The assumed p r e d a t o r - p a r a s i t e  complex i s  r e p re s e n te d  
by th e  l o g i s t i c  eq u a t io n  and i s  c o n t r o l l e d  by i n s e c t i c i d e  u se .  This  
b i o l o g i c a l  complex c o n t r i b u t e s  to  t h e  m o r t a l i t y  o f  t h e  d e f o l i a t i n g  
c a t e r p i l l a r  and ,  t h e r e f o r e ,  has t h e  c a p a b i l i t y  o f  i n f l u e n c in g  p e s t i c i d e  
p o l i c i e s .
xv
The p r e d a t o r - p a r a s i t e  complex i s  indeed found t o  s i g n i f i c a n t l y  
a l t e r  the  optimal t im ing  o f  p e s t i c i d e  a p p l i c a t i o n .  In f a c t ,  t h e r e  
does  e x i s t  c o n d i t io n s  in  which th e  number o f  d i s c r e t e  p e s t i c i d e  
a p p l i c a t i o n s  i s  in c re a se d  by th e  complex. This  i s  e s p e c i a l l y  t r u e  
in  soybean v a r i e t i e s  o f  extended m a tu ra t io n  p e r io d s .
Levels  o f  i n f e s t a t i o n s  a re  found t o  s i g n i f i c a n t l y  depend on 
th e  s tag e  o f  soybean development,  as  well as t h e  p e s t  p o p u l a t i o n ' s  
l e v e l s .  In g e n e r a l ,  t h e  crop  can t o l e r a t e  much h ig h e r  l e v e l s  of  
c a t e r p i l l a r  i n f e s t a t i o n  than  i s  a l lowed in c u r r e n t  p r a c t i c e .
The con t inuous  p o l i c i e s  o f  p e s t i c i d e  a p p l i c a t i o n ,  e v a lu a ted  
w i th  the  d i s t r i b u t e d  minimum p r i n c i p l e ,  o f f e r  v a lu a b le  in form at ion  
reg a rd in g  t h e  dynamics o f  t h e  crop ecosystem components.  The 
l o g i c a l  p a t t e r n  search  procedure  p rov ides  th e  b e s t  d i s c r e t e  t imes 
f o r  s in g l e  and m u l t i p l e  p e s t i c i d e  a p p l i c a t i o n s  p rov id ing  r e s u l t s  




The e v e r - in c r e a s in g  demand f o r  more food by a growing world pop­
u l a t i o n  c r e a t e s  a need f o r  the  e f f i c i e n t  product ion of  a g r i c u l t u r a l  
c ro p s .  In th e  l a s t  severa l  decades we have achieved some success  by 
r e ly in g  h e a v i ly  on th e  use o f  f e r t i l i z e r s ,  p l a n t  growth r e g u l a t o r s ,  
h e r b ic id e s  and i n s e c t i c i d e s  to  in c r e a s e  y i e l d .  But,  we r e l y  on the 
use o f  these  chemical t a c t i c s  w i thou t  having f u l l y  researched  and 
developed th e  p o t e n t i a l  f o r  c u l t u r a l  m anipula t ion  and b io lo g ic a l  con­
t r o l .  The o b je c t  o f  c u r r e n t  a c t i v e  r e sea rch  by i n v e s t i g a t o r s  in  many 
d i s c i p l i n e s  i s  t o  remedy t h i s  p o s i t i o n .
Cul tura l  m anipu la t ion  of  a g r i c u l t u r a l  crops  inc ludes  t h e  use o f  
such methods as varying crop row sp ac in g s ,  i r r i g a t i o n  p r a c t i c e s  and 
p la n t  b reed ing .  In ad d i t io n  to  t h i s  approach,  t h e r e  i s  in c reas in g  
emphasis on b io lg o ic a l  c o n t r o l s ,  such as th e  manipula t ion  o f  p red a to r  
sp ec ie s  popu la t ions  to  enhance n a tu ra l  pes t  c o n t r o l .  These techniques  
tend to  be p r e f e r a b l e  economical ly  and environmenta l ly  in comparison 
t o  t h e  use o f  chemicals  t o  improve y i e l d s .  To d a te  th e  use o f  i n s e c t ­
i c i d e s  i s  by f a r  the  most p r e v a le n t  means o f  p e s t  management. Exten­
s iv e  r e sea r ch  programs a re  needed t o  provide  growurs with a l t e r n a t i v e s  
t o  t h i s .
As long as th e  use o f  p e s t i c i d e s  con t inues  to  be o f  such importance,
we must a t tem pt  t o  use  i t  as  e f f e c t i v e l y  as  p o s s i b l e ,  w hi le  minimizing 
economic and environmental c o s t s .  I t  i s  th e  purpose o f  our  r e sea r ch  
to  s tudy  t h i s  problem.
The crop ecosystem p r e s e n t s  a very complex system, one w e l l -  
s u i t e d  f o r  s tudy  by systems a n a l y s i s .  Components o f  t h e  system in ­
c lude  th e  p l a n t s  and t h e i r  r e s u l t i n g  y i e l d ,  th e  i n s e c t s  and t h e i r  dam­
age p o t e n t i a l  and man and h i s  a b i l i t y  t o  tune  the  system. Figure 1-1 
i l l u s t r a t e s  such a system.
Man
Pest  C 
Pol i
C u l tu ra  
P ra c t i
l  
c e s
In s e c t
Pes ts
Crop
Pes t  Damage
Figure  1-1 .  Major Crop Ecosystem Components
The soybean ecosystem i s  an example o f  a complex crop system worthy 
o f  s tu d y .  The soybean i s  becoming an im por tan t  source  o f  p r o t e in  f o r  
t h e  world and an im portan t  cash crop o f  th e  sou the rn  United S t a t e s .
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Last year  in  Louisiana a lo n e , 2 mi l l i o n  acres  were planted in soybeans.
To in c re a se  soybean y i e l d  w ithout  de t r im en ta l  e f f e c t s  on the  ecosystem 
would be o f  g r e a t  b e n e f i t .
The soybean ecosystem inc ludes  a r a t h e r  l a rg e  complex of  in s e c t s  
and t h e i r  n a tu ra l  c o n t r o l s .  No s in g le  i n s e c t  spec ies  has y e t  emerged 
as th e  primary p e s t  because o f  th e  r e l a t i v e l y  shor t  per iod of  time 
s ince  t h e  crop became commercially im por tan t .  Soybean in s e c t  pes ts  
in c lu d e  f o l i a g e ,  pod, stem and ro o t  f e e d e r s .  Many o f  them a re  harm­
l e s s  o r  even b e n e f i c i a l ,  f o r  they  may be p red a to rs  o r  p a r a s i t e s  of 
harmful p e s t s .  Some i n s e c t s  may even s t i m u l a t e  the  p l a n t  to  r e l e a s e  
hormones which may a id  th e  p l a n t  in  becoming r e s i s t a n t  to  o th e r  p e s t s .  
However, some in s e c t s  cause y i e l d  lo s s  and p o s s ib le  crop f a i l u r e  i f  
no t  c o n t r o l l e d .
Insect- p e s t  popu la t ions  vary  g r e a t l y  each season and from region 
to  r e g io n .  Soybeans must,  t h e r e f o r e ,  be scouted f o r  pes ts  a t  i n t e r ­
v a l s  th roughout  t h e  season.  Two p a r t i c u l a r  spec ie s  t h a t  must be moni­
to re d  in  the  Gulf-South a re  th e  v e lv e t  bean c a t e r p i l l a r  (A n t i c a r s i a  
gemmatalis Hubner) and th e  Southern green s t i n k  bug ( Nezara v i r i d u l a , 
Linnaeus) .  The v e l v e t  bean c a t e r p i l l a r  i s  a d e f o l i a t o r  and in l a rg e  
numbers can completely s t r i p  a f i e l d  of  v e g a ta t io n  in th re e  days time.  
In 1975 in  Georgia t h i s  c a t e r p i l l a r  i s  es t im ated  to  have caused $25 
m i l l i o n  in  damage. A pod f e e d e r ,  th e  Southern green s t i n k  bug i s  e s ­
t imated  to  have aggravated $5 m i l l io n  worth o f  damage during the  same 
per iod  (Bram ble t t ,  1976). In Louis iana th e  s t i n k  bug i s  probably 
th e  major  i n s e c t  p e s t  o f  soybeans.
In the  r e se a rc h  desc r ibed  h e r e in ,  we s im u la te  t h e  popula t ion
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dynamics o f  th e  s t i n k  bug and v e lv e t  bean c a t e r p i l l a r ,  along with  a 
p e s t i c i d e - s e n s i t i v e  c a t e r p i l l a r  p r e d a t o r - p a r a s i t e  (PP) complex. This 
complex accounts  f o r  th e  n a tu ra l  b io lo g ica l  con t ro l  t h a t  e x i s t s  in 
the  f i e l d .  We a l so  s im u la te  soybean p la n t  growth dynamics in  order  
t o  o b ta in  seed y i e l d s  and lo s s e s  due to  i n s e c t  damage. Simulated a re  
two v a r i e t i e s  which a re  seasonaly  p lanted  in  the  South. One, Dare i s  
an e a r l y  maturing v a r i e t y ,  w hi le  Lee matures  l a t e r  and i s ,  t h e r e f o r e ,  
more a cc e p ta b le  to  damage by l a t e  season d e f o l i a t o r s .
An optimal p e s t i c i d e  a p p l i c a t i o n  po l icy  f o r  p e s t  management could 
be developed e i t h e r  f o r  a reg ion  of  th e  country  or fo r  an ind iv idua l  
grower. A regional  p o l ic y  would r e q u i r e  a thorough knowledge o f  p e s t  
po p u la t io n s  over  a l a r g e  a r e a ,  as  well  as  a l a r g e  amount o f  economic 
d a t a .  However, such d a ta  i s  no t  y e t  a v a i l a b l e .  Because acceptance i s  
a major a sp ec t  o f  a success fu l  management program, and th e  grower i s  
an i n t e g r a l  p a r t  o f  any p e s t  management p o l i c y ,  we co n cen t ra te  our 
e f f o r t s  on th e  developing o f  p o l i c i e s  f o r  ind iv idua l  growers.
The grower 's  economic concerns  inc lude  th e  c o s t  o f  p roduc t ion ,  
p e s t  management and p e s t  damage. We account  f o r  d o l l a r s  l o s t  from 
soybean q u a n t i t y  and q u a l i t y  r educ t ion  due to  t h e  s t i n k  bug and v e lv e t  
bean c a t e r p i l l a r .  The d o l l a r  r e tu rn  from th e  s a l e  of beans and the  
c o s t  o f  p e s t i c i d e  i s  a l so  inc lu d ed .  Such n o n - q u a n t i t a t i v e  f a c t o r s  as 
p e s t i c i d e  p o l l u t i o n  and so c ia l  c o s t s  a re  no t  d iscussed  in t h i s  r e ­
sea rch .  These f a c t o r s  can be t r e a t e d  only  q u a l i t a t i v e l y  given the 
p r e se n t  d a t a .
We employ two mathematical  techn iques  in  our  p e s t  management 
p o l ic y  s tu d i e s .  A lo g ic a l  s ea rch  procedure  i s  used to  determine the
b e s t  day o r  days f o r  d i s c r e t e  p e s t i c i d e  a p p l i c a t i o n .  A lso ,  as a mat­
t e r  o f  t h e o r e t i c a l  and p r a c t i c a l  i n t e r e s t ,  we seek th e  optimal  c o n t i n ­
uous p e s t  c o n t ro l  p o l i c y .  A t ech n iq u e  based in v a r i a t i o n a l  c a l c u l u s  
and developed in  modern con t ro l  th eo ry  prov ides  t h e  method f o r  d e t e r ­
mining t h i s  l a t t e r  p o l i c y .  The development o f  con t inuous  p o l i c i e s  i s  
becoming o f  g r e a t e r  importance as  more i s  l e a rn e d  about  t h e  c o n t in u ­
ou s ly  a c t i n g  b i o l o g i c a l  c o n t ro l  a g e n t s .  We begin  our  r e sea rch  
r e p o r t  w i th  a review o f  p a s t  work in  pop u la t io n  and p l a n t  modeling 
and o p t i m i z a t i o n .
P o p u la t ion  Modeling
Two forms o f  mathematical  models a r e  used in  d e s c r ib in g  b i o l o g i c a l  
s p e c i e s  dynamics— s t o c h a s t i c  and d e t e r m i n i s t i c .  S t o c h a s t i c  s im u la t io n  
t e c h n iq u e s  were developed in t h e  1 9 4 0 ' s ,  bu t  do no t  promise widespread 
use  in  d e s c r i b i n g  complex systems because o f  t h e  l a r g e  number o f  ex­
per iments  r e q u i r e d  to  o b ta in  s u f f i c i e n t  s t a t i s t i c s .  S t o c h a s t i c  p o p u la t i  
dynamic models in c lu d e  th o se  o f  Mann (1971) ,  J a q u e t t e  (1970) ,  Becker 
(1970) ,  and Menke (1973).
D e te r m in i s t i c  models have found g r e a t e r  a c c e p t a b i l i t y  since they  
a r e  f r e q u e n t l y  e a s i e r  t o  so lv e  and o f t e n  o f f e r  an a n a l y t i c a l  s o l u t i o n .  
V e rh u ls t  (1838) i s  o f t e n  c r e d i t e d  with  i n i t i a t i n g  the  a p p l i c a t i o n  
o f  model b u i ld in g  to  l i f e  p rocesse s  with  h i s  d e r i v a t i o n  o f  the  l o g i s ­
t i c  equa t ion  t o  d e s c r i b e  b i r t h  and d ea th  o f  popu la t ion  members. This 
work was v i r t u a l l y  ignored u n t i l  1920 when Pearl  and Reed (1920) r e d i s ­
covered  i t  in t h e i r  demographic work. This i n i t i a l  r e s e a r c h  led  t o  
modeling e f f o r t s  based on a s i m i l a r  fou n d a t io n  o f  assum pt ions .  The i n ­
t r i n s i c  f a c t o r s  o f  p o p u la t io n s  were used t o  d e s c r ib e  v a r i a t i o n s
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in  p o p u la t ion  magnitude,  bu t  such e x t r i n s i c  f a c t o r s  as c l i m a t e ,  hab i -  
t a t e ,  food sources  and com pet i t ion  were ign o re d .  Even in  r e c e n t  models 
t h e s e  same b a s ic  assumptions  a r e  o f t e n  made with  r e a so n a b le  su cc e ss .  
During th e  1920 's  and 1930 's  a number of  new models were developed.
The m athematic ians  Lotka (1925),  V o l te ra  (1926) and Bai ley  (1931),  
were a p p a r e n t ly  s t im u la t e d  o r  encouraged by th e  work o f  b i o l o g i s t s  
Thompson(1922) ,  D'Ancona and Nicholson ,  r e s p e c t i v e l y ,  t o  engage in 
popu la t ion  model b u i ld in g .
Bai ley  (1931) ,  Lewis (1942) and L e s l i e  (1945) in c o rp o ra te d  the  age-  
dependent s t r u c t u r e  o f  a p o p u l a t i o n ' s  dynamics i n t o  t h e i r  modeling.
Von F o e r s t e r  (1959) then  Hoyle (1963) were perhaps th e  f i r s t  to  
in t ro d u c e  use  o f  p a r t i a l  d i f f e r e n t i a l  equa t ions  t o  d e s c r ib e  a g e - s i z e  
p o p u la t io n  growth.  The p a r t i a l  d i f f e r e n t i a l  s p e c ie s  equa t ion  o f  change 
i s  c a l l e d  t h e  von F o e r s t e r  equa t ion  in  t h e  l i f e  s c i e n c e s .  S t r e i f e r  
(1974) g e n e r a l i z e d  th e  von F o e r s t e r  equa t ion  to  v a r io u s  s p e c ie s  and 
in t roduce d  such a f f e c t s  as  sp e c ie s  i n t e r a c t i o n .
I n s e c t  s p e c i e s  normally  p rog ress  through a s e r i e s  o f  d i s t i n c t  
p h y s io lo g ic a l  s t a g e s  w i th  t h e  p ro g re s s io n  being d e s c r ib e d  b e t t e r  as a 
p r o b a b i l i s t i c  d i s t r i b u t i o n  than as  a s in g l e  d i s c r e t e  t ime d e la y .  Rudd 
(1976) in t roduced  t h i s  concep t  i n t o  popu la t ion  modeling with  use of  
r e s e r v o i r  t h e o ry  ( E r ik s s o n ,  1971) o r  t h e  impulse  response  f u n c t io n .  The 
te ch n iq u e  invo lves  convo lu t ing  th e  f low o f  p o p u la t io n  numbers from a 
p rev io u s  s t a g e  w i th  a p r o b a b i l i t y  d i s t r i b u t i o n  t o  y i e l d  a d i s t r i b u t e d  
s t a g e  o u t p u t .  The " s t a t e  o f  th e  a r t "  f o r  s i n g l e  sp e c ie s  popu la t ion  
dynam ic 's  models r e s t s  w i th  t h i s  concep t .  Ruesink (1975) accomplishes 
t h i s  e f f e c t  with a d i s c r e t e  "box-car"  model,  bu t  with l i t t l e  f l e x i b i l -
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i t y  in t h e  cho ice  o f  p r o b a b i l i t y  d i s t r i b u t i o n s .
The age-dependent  models o f  Bai ley  (1931) and von F o e r s te r  (1959) 
take  developmental s ta g e  dependent da ta  i n to  account by d iv id in g  the 
age d i s t r i b u t i o n  d e t e r m i n i s t i c a l l y  in to  mean len g th s  of  su rv iva l  fo r  
each s ta g e .  Marsolan and Rudd (1975) use the  impulse response func t ion  
and c a l c u l a t e  a s tag e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e i r  p a r t i a l  d i f ­
f e r e n t i a l  e q u a t io n s .
Even w i th  th e se  s o p h i s t i c a t i o n s ,  many i n t r i n s i c  and e x t r i n s i c  v a r i ­
ab les  a re  o f te n  assumed to  have n e g l i g i b l e  e f f e c t s .  Temperature is 
known t o  have a s i g n i f i c a n t  e f f e c t  on developmental r a t e s  in  some r e ­
gions  on some sp e c ie s  o f  i n s e c t s .  This e f f e c t  i s  being a c t i v e l y  
s tud ied  by severa l  r e s e a r c h e r s  (G u t i e r r e z ,  1975; S t in n e r ,  1975; Rues ink 
1975). Humidity, l i g h t  r e c e p t io n ,  r a i n f a l l  and o th e r  e x t r i n s i c  f a c t o r s  
a f f e c t  i n t r i n s i c  b eh av io r ,  bu t  l i t t l e  q u a n t i t a t i v e  in formation  is  a-  
v a i l a b l e  concerning t h e i r  e f f e c t s .
Species  I n t e r a c t i o n
Species  i n t e r a c t i o n s  a re  very d i f f i c u l t  t o  d e s c r ib e ,  p r im ar i ly  due 
t o  t h e  lack  o f  d a ta  t o  suppor t  t h e o r i e s .  Only th e  s im p les t  conclus ions  
a re  amendable t o  mathematical d e s c r i p t i o n .  Lokta (1925) and V o l te r ra  
(1926) indepdendent ly  developed th e  f i r s t  model f o r  p red a to r -p re y  r e ­
l a t i o n s .  The assumptions which a re  incorpora ted  inc lude  d e ns i ty -depen ­
den t  b i r t h  and dea th  r a t e s .  These r a t e s ,  which a re  based on the  prob­
a b i l i t y  o f  c o l l i s i o n  o r  encounter  of  in d iv id u a l s  i s  th e  product  of  
each d e n s i t y  (as  in  chemical k i n e t i c s ) .  C l imact ic  e f f e c t s  a r e  n e g le c t ­
ed. While b i o l o g i c a l l y  s imple ,  th ese  models a re  mathematica l ly  t r a c t ­
ab le  and o f  some academic i n t e r e s t .  Nicholson and Bai ley (1935)
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d e s c r i b e  in a s i m i l a r  f ash ion  p a r a s i t e - p r e y  i n t e r a c t i o n s ,  Lee (1975) 
accounts  f o r  p a r a s i t i s m  in  h is  convec t ive  model.  Ho l l ings  (1959,
1966) developed component models in  which e f f e c t s  o f  hunger ,  prey 
s p e c i e s  l e a rn in g  and feed ing  a r e  taken  i n t o  account .
P l a n t  Models
To a c c u r a t e l y  account f o r  crop  growth and i t s  r e sponse  t o  i n s e c t  
p e s t  i n f e s t a t i o n  we must have a p l a n t  model.  Several complex d e s c r i p ­
t i v e  programs have been w r i t t e n  t o  s im u la te  v a r io u s  c r o p s .  The develop­
ment o f  f o r e s t  and crop  s im u la t io n  models has been an extremely  a c t i v e  
a r e a  o f  r e s e a r c h .
Cotton models (Baker ,  e t .  a l . ,  1974; G u t i e r r e z ,  e t .  a l . ,  1975) 
have been developed which s im u la te  growth in  ro o t  s t r u c t u r e ,  above­
ground f o l i a g e ,  d ry  m a t t e r  p ro d u c t io n ,  n u t r i e n t  c o n c e n t r a t i o n ,  l e a f  
and b o l l  count  and l o c a t i o n .  Other  c rop  m odels ,  developed p r i n c i p a l l y  
by ag ronom is ts ,  in c lu d e  those  o f  corn (deWit ,  e t .  a l . ,  1970; Duncan, 
1974) ,  a l f a l f a  ( F ic k ,  1975; Bula ,  e t .  a l . ,  1974; M i le s ,  e t .  a l . ,  1973) ,  
soybeans (Rudd, 1975; Weaver, 1975; Curry,  1974; Johnson,  e t .  a l . ,
1974) and o t h e r s .  These models a r e  a l l  d e t e r m i n i s t i c .
Several  p l a n t  models ( G u t i e r r e z ,  e t .  a l . ,  1974, 1975; Jo n es ,  e t .  
a l . ,  1974) i n c o r p o ra t e  i n s e c t  p e s t  f eed in g .  I t  i s ,  however on ly  a 
r e c e n t  advance t o  in c o rp o ra te  th e  p l a n t ' s  response  to  p e s t  i n j u r y .
Data have been c o l l e c t e d  t o  d i s c e r n  t h e  impact o f  th e  depodding 
and d e f o l i a t i o n  on soybean p ro d u c t io n .  S tu d ie s  o f  mechanical d e f o l i a ­
t i o n  in c lu d e  K a l to n ,  e t .  a l .  (1949) and Thomas, e t .  a l . (1974).  Depod­
ding  has been i n v e s t i g a t e d  by Thomas, Newsom e t .  a l . (1974) and Todd
and Turnipseed (1974).  Many workers  a r e  now a t te m p t in g  to  determine
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the e f f e c t s  o f  i n s e c t  damage on crop y i e l d .
O ptimizat ion
The use  o f  mathematics to  determine th e  b e s t  p o l i c i e s  f o r  con tro l  
o f  i n s e c t  p e s t  p o pu la t ions  in o rd e r  to  o b ta in  g r e a t e r  crop p ro d u c t iv i t y  
has advanced through t h e  use o f  two approaches— sim ula t ion  and op t im i­
z a t io n  th e o ry .  S imula t ion  r e q u i r e s  th e  repea ted  s im u la t ion  of  the  
ecosystem with v a r io u s  p o l i c i e s  o f  con t ro l  from a s e t  o f  assumed t a c ­
t i c s .  Watt (1962) d i s c u s s e s  i t s  r o l e  in  p e s t  management. One d i s ­
advantage i s  t h a t  i t  y i e l d s  only th e  b e s t  p o l icy  of  those  t e s t e d .  Op­
t i m i z a t i o n  i s  a b e t t e r  approach to  p e s t  management, s in c e  by lo g ic a l  
o r  mathematical techn iques  i t  produces th e  b e s t  con tro l  po l icy  o f  a l l  
p o s s i b l e .
Watt (1963) was one of  th e  f i r s t  t o  apply o p t im iza t io n  to  d e t e r ­
mine th e  "b es t"  p e s t  management program out  o f  a s e t  o f  a l t e r n a t i o n s .  
J a q u e t t e  (1970),  Mann (1971) and Becker (1970) app l ied  a v a r i a t i o n a l  
approach to  t h e i r  Markov models.  Using d e t e r m in i s t i c  o rd ina ry  d i f f e r ­
e n t i a l  equa t ion  models,  Watt (1963) and Shoemaker (1973) used dynamic 
programming, while  Vincent (1972) and Leitmann (1972) employed v a r i a ­
t i o n a l  c a l c u lu s .  Gupta and Rink (1973) ap p l ied  s im i l a r  techn iques  
to  epidemic c o n t r o l .  Marsolan and Rudd (1975) app l ied  t h e  v a r i a t i o n a l  
c a l c u lu s  to  a p a r t i a l  d i f f e r e n t i a l  equat ion  model d e s c r ib in g  an i n s e c t  
pes t  p o pu la t ion .
Summary
We proceed with our a n a ly s i s  o f  the  soybean ecosystem by f i r s t  
in t ro d u c in g  th e  mathematical and numerical techniques  employed in 
t h i s  r e se a r c h .  The form o f  the  sys tem 's  equa t ions  and the  two 
o p t im iza t io n  methods employed a re  p re sen ted .  Chapter  I I I  d i s c u s s e s  
th e  major soybean and p es t  components which a re  modeled. The 
s p e c i f i c  equa t ions  used a re  o u t l i n e d  and solved and where p o s s i b l e ,  
v e r i f i e d .
The optimal soybean p e s t  management p o l i c i e s  obta ined  v ia  
the  c a lc u lu s  o f  v a r i a t i o n s  and n o n - l i n e a r  programming a re  p resen ted  
in Chapter IV. Resul ts  a r e  given in t h i s  c h a p te r ,  while  f i n a l  
conclus ions  follow in Chapter V.
CHAPTER II
THEORY
In t h i s  c h a p te r  we p re se n t  the  general  mathematical and numerical 
methods f o r  the  modeling and o p t im iza t io n  of  th e  p l a n t  growth and p e s t  
popu la t ion  dynamics.
We wish to  model th e  popu la t ion  dynamics of  a spec ies  with  a model 
which w i l l  f u l l y  u t i l i z e  th e  a v a i l a b l e  d a t a .  An age-dependent  p a r t i a l  
d i f f e r e n t i a l  equa t ion  model i s  used f o r  we b e l i e v e  i t  to  o f f e r  the  g r e a t ­
e s t  power while  being mathem at ica l ly  t r a c t a b l e .  In t h i s  ch ap te r  we form­
a l l y  p r e se n t  r e p r e s e n t a t i v e  equa t ions  and th e  numerical techniques  used 
in o b ta in in g  t h e i r  s o l u t i o n s .
Because most b io lo g ic a l  sp ec ie s  progress  through observab le  s tages  
o f  ph y s io lo g ica l  development ,  most developmental d a ta  i s  s tage -dependen t .  
We employ a techn ique  used in chemical eng ineer ing  s tage  p rocesses  to  
p r o b a b i l i s t i c a l l y  d i s t r i b u t e  th e  in d iv id u a l s  o f  a continuous age model, 
as p resen ted  by th e  popu la t ion  dynamics e q u a t io n ,  amoung a s e r i e s  of  d i s ­
c r e t e  s t a g e s .  The approach i s  based on the  concept of the  impulse r e ­
sponse f u n c t io n .
The c r i t e r i a  f o r  an optimal continuous p e s t i c i d e  po l icy  i s  der ived  
based on th e  s e t  o f  o rd in a ry  and p a r t i a l  d i f f e r e n t i a l  equa t ions  used to  
r e p r e s e n t  the  system dynamics. The numerical techniques  used to  solve 
t h i s  s e t  of  eq u a t io n s  i s  d i sc u s s e d .  We cont inue  with a d e s c r i p t i o n  o f  a
n o n - l i n e a r  programming t e c h n iq u e  used t o  o b t a i n  t h e  op t imal  timing o f  d i s ­
c r e t e  c o n t r o l  a p p l i c a t i o n s .
POPULATION DYNAMICS
Many sys tem s  can be r e p r e s e n t e d  by f i r s t  o r d e r  h y p e r b o l i c  p a r t i a l  
d i f f e r e n t i a l  e q u a t i o n s  o f  t h e  form
az 3z_
9(t»y.fZ^» a t « ~ 0 2-1
where £  = (y- | , y 2 ................. y q ) ,  t o  be r e f e r r e d  t o  as  th e  s p a t i a l  c o o r d i n a t e ,
i s  a p o i n t  b e lo n g in g  t o  a subspace  D o f  a E u c l id ean  q -d im ens iona l  s p a c e .  
W ith in  t h e  c o n t e x t  o f  t h e  p o p u la t i o n  dynamics model t h e  e lem en ts  o f  t h e  
in d ep en d en t  v a r i a b l e  £  cou ld  r e p r e s e n t  s p e c i e s  a g e ,  mass and s p a t i a l  co ­
o r d i n a t e ,  f o r  example.  The t im e  v a r i a b l e  t  i s  d e f in e d  on 0 t  <_ 1 . 
u. ( t» £ )  i s  a v e c t o r  f u n c t i o n  d e s c r i b i n g  t h e  c o n t r o l  t r a j e c t o r i e s  from a 
s e t  o f  p o s s i b l e  t r a j e c t o r i e s ,  V. V i s  a j - d im e n s io n a l  s e t  o f  con t in u o u s  
and p ie c e w is e  c o n t in u o u s  f u n c t i o n s  c o n ta in e d  in  D s a t s i f i n g  a s e t  o f  con­
t r o l  i n e q u a l i t y  c o n s t r a i n t s ,  C-j. C o n s t r a in in g  t h e  p e s t i c i d e  c o n t r o l  
t a c t i c  t o  i n f l i c t i n g  between a z e ro  and 95 p e r c e n t  m o r t a l i t y  i s  an ex­
ample o f  an i n e q u a l i t y  c o n s t r a i n t .  The dependent  v a r i a b l e  z . ( t ,y )  = (z-j 
( t , y ) ,  z 2 ( t , y ) »  . . . z n ( t , y ) )  c h a r a c t e r i z e s  t h e  s t a t e  o f  t h e  system f o r  
any t  and The i n i t i a l  and boundary c o n d i t i o n s  a r e  z ( 0 , ^ )  and z ( t , £
= £ , ) ,  r e s p e c t i v e l y .
In a d d i t i o n  t o  t h e  p o p u la t i o n  dynamics p a r t i a l  d i f f e r e n t i a l  equa­
t i o n s  we s im u l t a n e o u s l y  employ a s e t  o f  o r d i n a r y  d i f f e r e n t i a l  e q u a t io n s  
f o r  t h e  p l a n t  model and b i o l o g i c a l  c o n t r o l  complex.  Though we may con­
s i d e r  t h e s e  o r d i n a r y  d i f f e r e n t i a l s  a s  a s p e c i a l  c a s e  o f  t h e  p a r t i a l  d i f ­
f e r e n t i a l  e q u a t i o n s ,  we f i n d  i t  u s e fu l  in  p r a c t i c e  to  d e r i v e  t h e  n e c e s ­
s a r y  c o n d i t i o n s  f o r  t h e  optimum in  te rms  o f  b o th  fo rm s .
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The lumped param eter  s t a t e  v a r i a b l e  z_(t) may be desc r ibed  as
dz
g ( t , z , ^ , u )  = 0  2 - 2
with i n i t i a l  c o n d i t io n s  z_(t = 0 ) .
System Numerical S o lu t io n  Techniques
A na ly t ic  s o l u t i o n  o f  th e  p a r t i a l  d i f f e r e n t i a l  equa t ions  i s  p rec lud­
ed by th e  assumed system n o n - l i n e a r i t y  and th e  unknown con t ro l  f u n c t io n .
We t h e r e f o r e  d i s c r e t i z e  th e  continuous equa t ions  and so lve  t h e  r e s u l t ­
ing d i f f e r e n c e  eq u a t io n s  on th e  d i g i t a l  computer.
Various d i s c r e t i z a t i o n  schemes a re  p o s s ib l e  {Sage, 1968) ;  temporal or 
o r  s p a t i a l  d i s c r e t i z a t i o n  y i e l d s  a s imultaneous s e t  of  o rd ina ry  d i f f e r e n ­
t i a l  e q u a t io n s ,  w hi le  temporal and s p a t i a l  d i s c r e t i z a t i o n  y i e l d s  a sim­
u l tan eo u s  s e t  o f  a lg e b r a i c  d i f f e r e n c e  e q u a t io n s .  The l a t t e r  method i s  
in co rp o ra ted  h e re .  F i r s t - o r d e r  l i n e a r  hyperbo l ic  equa t ions  o f  th e  form 
o f  Eq. 2-1 can be approximated w i th  good s t a b i l i t y  and l i t t l e  t r u n c a t io n  
e r r o r  by th e  e x p l i c i t  c e n t e r e d - d i f f e r e n c e  analog (Von Rosenburg, 1969).
With t h i s  techn ique  we average about  the  midpoin t  o f  th re e  known and one 
unknown d i s c r e t e  va lues  of  the  s t a t e  v a r i a b l e .  Figure  2-1 d i s p la y s  the  
r e c t a n g u l a r  g r id  o f  t h e  d i s c r e t i z a t i o n  schemes.
X 0 0 0
t  + h 
t  + h/ 2
X X 0 0






y -k / 2
Figure  2-1. D i s c r e t i z a t i o n  Scheme
(0 a re  unknown p o i n t s ,  X a r e  known)
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We may c o n s t r u c t  th e  fo rw ard  d i f f e r e n c e  eq u a t io n  c o r r e c t  to  second o rd e r  
from t h e  T a y lo r  s e r i e s  expansion in  one independent  v a r i a b l e
2 2
z ( t  + h ,y j  = z ( t , x )  + ( t , £ )  h + (t,y_) 2-3
d3z „  ; h3
+ T T  7 " +d t  6
The backward d i f f e r e n c e  analog  i s  d e r iv ed  from
z ( t  -  h ,y )  = z ( t , y )  -  £
d t  d t 2 2 2-4
-  d3 z ( t , y )  l i i  + ____
d t 3 6
Where h and k are  f i n i t e  p e r t u r b a t i o n s  in  each o f  th e  r e s p e c t i v e  inde­
pendent  v a r i a b l e s .
S u b t r a c t i n g  Eq. 2 -3  from Eq. 2-4  y i e l d s  th e  c e n t r a l  d i f f e r e n c e  
ana log ,
d z ( t , £ )  z ( t  + h,y_) -  z ( t  -  h t£)  
d t   ----------------- 2K----------------------- 0 <h >
The 0 (h 1 ) i n d i c a t e s  an e r r o r  o f  t h e  i^h  o r d e r  in h. As in th e  Crank- 
Nicolson method we a v e ra g e  the  d e r i v a t i v e s  a t  two times  o r  space  l e v e l s  
f o r  t h e  s p a t i a l  and tempora l  d e r i v a t i v e s ,  r e s p e c t i v e l y .  The c e n t e r e d -  
d i f f e r e n c e  t ime d e r i v a t i v e  c o r r e c t  t o  second o r d e r  f o r  a two-dimensional  
problem i s
+ z ( t  + h , y  -  k) -  z ( t , y  -  k ) ]
The s p a t i a l  d e r i v a t i v e  i s  der ived  analogous ly .
h If
The v a lu e  o f  z ( t  + ~  ,y -  i s  th en  approximated as th e  average o f  
the  a d jacen t  four  g r id  p o i n t s .  The c e n t e r e d - d i f f e r e n c e  approximation i s
z ( t  + !r,y -  | )  = 1 /4  ( z ( t , y  -  k) + z ( t , y )  + z ( t  + h,y -  k)
+ z { t  + h ty ) )  2 - 6
In cases  where p e r tu rb a t io n s  in  th e  boundary c o n d i t io n s  occur ,  o s c i l l a ­
t i o n s  can propagate  in t h e  neighborhood o f  the  d i s c o n t i n u i t y .  This i s  
the  r e s u l t  o f  computing z ( t  + h ty) from th e  two widely d i f f e r e n t  v a lu e s ,  
z ( t  + h ,y  -  k) and z ( t , y  -  k ) .  To e l im in a t e  the  o s c i l l a t i o n s  we use the  
diagonal average
z ( t  + h ,y )  = 1 /2  ( z ( t , y  -  k) + z ( t  + h ,y)  2-7
Von Rosenburg (1969) d i s p l a y s  success w ith  a p p l i c a t i o n  o f  t h i s  diagonal  
average t o  h i s  f i r s t - o r d e r  hyperbo l ic  p a r t i a l  d i f f e r e n t i a l  equat ion  d e s c r i -  
c r ib ing  a c o u n te r c u r r e n t  h e a t  exhanger under  s tep changes in  tem pera tu re .
I t  can be shown (Smith ,  1965) t h a t  when the  r a t i o  o f  increments  (h /  
k) equals  t h e  spec ies  v e l o c i t y  t h e r e  i s  no t r u n c a t io n  e r r o r .  The o rd in a ry  
d i f f e r e n t i a l  equat ions  a r e  a l s o  num erica l ly  solved b u t  with  a f i r s t - o r d e r  
method. The Taylor  s e r i e s  expansion f o r  one independent  v a r i a b l e ,  t im e ,  
i s  as in Eq. 2-3.
Impulse Response Function
Many phys ica l  and b io lo g ic a l  p rocesses  move u n i t  q u a n t i t i e s  sequen­
t i a l l y  through a s e r i e s  o f  s t a g e s .  Each o f  th ese  u n i t  q u a n t i t i e s  pos­
sess  a d i f f e r e n t  s tage  re s id e n c e - t im e  d i s t r i b u t i o n ,  o r  r e s i d e s  in a p a r t ­
i c u l a r  s t a g e  f o r  a per iod  o f  time d e s c r ib a b le  by a p r o b a b i l i s t i c  d i s t r i ­
bu t ion .  To d e s c r ib e  t h i s  p r o b a b i l i s t i c a l  a f f e c t  o f  t h e  s ta g e  we use th e
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concept  o f  an impulse response  fu n c t io n  (E r ik sson ,  1971). This fu nc t ion  
d e s c r ib e s  th e  t im e -d e n s i ty  d i s t r i b u t i o n  of  a pulse  in t roduced  in to  a 
system (F igure  2 -2 ) .
Process
Stage
Figure  2 -2 .  Impulse Response Funct ion ,  0.
The e f f e c t  i s  a l s o  observed in  i n s e c t  spec ie s  (Rudd, 1976) as the 
i n s e c t s  p ro g res s  through phy s io lo g ica l  s t a g e s .  We c a l c u l a t e  a c o n t in u ­
o u s ,  sp ec ie s  age-dependent p r o b a b i l i t y  d i s t r i b u t i o n  to  d e s c r ib e  the  
s tagew ise  p ro g re s s io n  o f  a s p e c ie s .
I t  i s  convenien t  t o  d e s c r ib e  th e  development o f  a s ta g e  p r o b a b i l i t y  
d i s t r i b u t i o n  by assuming th e  i n t ro d u c t io n  o f  one u n i t  i n to  the  f i r s t  p ro­
cess  s ta g e .  We may draw an analogy to  the  lay ing  o f  eggs by a d u l t  in ­
s e c t s .
With s u cc e ss iv e  increments  in t ime t h e  u n i t  ages and i s  s im ul taneous ly  
sub jec ted  t o  a p r o b a b i l i t y  o f  e x i t i n g  th e  s t a g e .  When a u n i t  leaves  t h i s  
s ta g e  i t  immediately e n t e r s  the  n ex t  process  s t a g e  and encounters  the  
second s tag e  impulse response  fu n c t io n .
We express  (Rudd, 1976) a u n i t  pu lse  in p u t  a t  age y equal zero as
q0 - i (y) = s (y )
where 6 i s  t h e  Dirac d e l t a  f u n c t io n ,
<s(y) = 0 on [ -« ,  o) and (o ,  *>]
and
oo
;  6 (y) dy = 1
— CO
The p o pu la t ion  o f  u n i t s  in t h e  f i r s t  p rocess  s tage  a t  any age i s  then 
dN (y)
3y -  = "  / ~ fl# q o , l ( r }  0 o , l < y  ~ r > d r  M ° )  = 1
The impulse response f u n c t io n  0- .. +  ̂ i s  d e f in e d  on ( -  »)
and 0  ̂ j + 1 (y) = o V y  < o.
Expanding fo r  m u l t i p l e  s ta g e s  we o b ta in .
"q i a { y )
dN(t)  = q1 2 ^  " q2,3<y )
2-8
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f o r  t h e  i n t e r s t a g e  f l u x  from s t a g e  i t o  s t a g e  i + 1 ,  ̂ + -j, d e s ­
c r ib e d  by th e  con v o lu t io n  i n t e g r a l
co
q i -  1 , i (y)  = 1  q i -  2 , i -  f r > *1 -  1 , i (y * r > d r  2' 99 M» 00 9
The i n i t i a l  f l u x  i n t o  t h e  system q 0 j i ( y )  i s  d e s c r ib ed  as above. The i n ­
i t i a l  c o n d i t i o n s  f o r  t h e  n pop u la t io n  v a r i a b l e s  a re  N_ (o)  = [1 0 0 ------
of.
The f u n c t io n s  [N^ | i = 1 ,  2 . . .  n] a r e  t h e  t im e-dependent  p robab i ­
l i t i e s  t h a t  a t r a c e d  u n i t  i s  in  p rocess  s t a g e  i .
MINIMUM PRINCIPLE DERIVATION
We wish t o  fo rm u la te  an optimal  co n t ro l  problem f o r  t h e  system de­
s c r i b e d  by t h e  aforementioned e q u a l i t y  c o n s t r a i n t s ,  Eq. 2-1 and 2 -2 ,  and 
i n e q u a l i t y  c o n s t r a i n t s ,  C-j. To f in d  t h e  u_ e S which minimizes t h e  given 
f u n c t io n a l
8Z 3 Z
IP = I P ( t , &  z ,  u) 2-10
on t  e [ o , l ]  and e D we d e r iv e  th e  n e ce s sa ry  c o n d i t io n  f o r  an extremum 
th rough  v a r i a t i o n a l  c a l c u l u s .
The development o f  th e  d i s t r i b u t e d  pa ram ete r  system minimum p r i n c i ­
p l e  t o  fo l low  i s  a m o d i f i c a t i o n  o f  S a g e ' s  (1968) method.
I t  i s  assumed t h a t  the  i n i t i a l  t im e ,  i n i t i a l  manifo ld  and terminal  
t im e ,  t  = 1 ,  a r e  s p e c i f i e d .  The s t a t e  v a r i a b l e s  a t  t h e  t e rm in a l  t ime 
a r e  assumed f r e e .  The assumptions  a l low f o r  a s i m p l i f i e d  d e r i v a t i o n  o f  
t h e  minimum p r i n c i p l e  which s a t i s f y  t h e  c o n d i t i o n s  o f  a g r e a t  many phy­
s i c a l  and b i o l o g i c a l  systems.
The index o f  performance IP w i l l  be assumed o f  th e  form
dz
IP = 0 (Zm( l ) .  t = l ) +  /  W ( t , £  Z, ^  U ) | t  = 1 dD +
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2-11
d z  , 3z » . ./  Q ( t , z ,  -j=, u) d t  + / /  S(t,y_, z - = ,  ~= ,u )  dDdt 
t  "  d t  -  tD a t  9£
We employ th e  fo l lo w in g  conven t ions  f o r  e a se  o f  m a n ip u la t io n ;  z^ = ( z ^ j  
i = 1 , 2  . . .  k) a r e  t h e  s t a t e  v a r i a b l e s  d e s c r ib e d  by
9Z_ 9Z_
9^  = 2 - 1 2
where
i k  = [ f , (  >, f 2 t ) ,  —  f k ( ) f
z .  d e f in e d  by (z^ [ i = k + 1 , k + 2 . . .  k + j )  i s  g iven  by
g £ -  = f j ( t , y _ ,  z ,  u)  2-13
and Zjq i s  the  s e t  o f  o r d in a ry  d i f f e r e n t i a l  eq u a t io n s  where (z.j | i -  k + 
j  + 1 , K + j  + 2 . . .  k + j-Hn) and
dzjntt)
a t -  = 2 -1 4
With t h e  assumptions  t h a t  0 and Q a r e  s p a t i a l l y  dependent  and
90 = 0 , 9Q 
9 /  9y.
 , d  = 0 and M = -SU- (y -  y . )
—  -sS- TT imax i min
and dropping  th e  arguments f o r  b r e v i t y  we w r i t e  IP a s ,
IP  = /  (  6  +  W) I dD +  /  / ( - § *  +  S) dDdt
D M *t = 1 t  D
2-15
In  mathematical programming techn iques  we r e d e f i n e  t h e  co n s t ra in ed  
o p t im iz a t io n  problem by in t ro d u c in g  a s e t  o f  c o n s ta n t  m u l t i p l i e r s  which 
a d jo in  t h e  e q u a l i t y  c o n s t r a i n t s  t o  t h e  o b j e c t i v e  f u n c t io n .  In v a r i a t i o n ­
al c a l c u l u s  we approach th e  o p t im iz a t io n  o f  f u n c t io n a l s  in  much th e  same 
manner,  b u t  th e  m u l t i p l i e r  i s  a f u n c t io n  r a t h e r  than  a c o n s t a n t .  Here 
we use  t h e  m u l t i p l i e r ,  o r  c o - s t a t e  v a r i a b l e s  P ( t , y ) ,  t o  a d jo in  th e  s y s ­
tem e q u a l i t y  c o n s t r a i n t s ,  Eq. 2-12 t o  2-14 ,  t o  Eq. 2-15 y i e l d i n g .
2-16
( i k -
* Z k  T 9Zj
We a r ra n g e  th e  above t o  o b ta in
2-17
The s c a l a r  Hamiltonian H i s
To ob ta in  th e  f i r s t  necessary  co n d i t io n  f o r  a minimum we take t h e  









+ {  $  ( ^ )T | ? + t « i > T - w + ( 5 (i v '))T n nv JJ Lax  T s U
p T d(5zm)
^  i f c
.  PT _  
i-k at
a ( ^ k )  J  3( 5̂ )-  p . -] dDdt
We may note  from th e  cha in  r u l e  t h a t
and
P1 a(6z) _ a (P.Tsz) _ (<sz_)T( aP) 
at at" dt
2-20
az 9i. ,az*a { ^ ) 2-21
S u b s t i t u t i n g  Eqs. 2-20 and 2-21 in to  2-19 we ob ta in
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_ 9(-R") T T
5 ( IP)  ^ [ ( s z j  + Caz) J  dD + /  /  [(fiz) §
D -  m -  t  = 1 t  D “  -
+ ( a u ) T f  + ( ^  ( s z /  -  ( ^ ) T %  % )
2-22
+ CS^ )T  3 T  ‘  ^  + (S^ )T  ■ I f  ( ^ >
♦ ( « * / ■  I 1  -  \  ( £ d T« 3 ) ] d M t
I n t e g r a t i n g  and noting t h a t  fi£ ( t  = 0) = 0 we ob ta in
t  3
6(IP) = {, C(« ^  w  •  ^ + C 1 + (51k)T * t r  •  ^
2-23
+ < « /  &  I  .  «  + ?  ’  + < % > T %  ]y = i "
- J  * '  1 * 3 ( 3 ^ )
+ { •  f e -  % + ^ + l ^ )T ( t r + ^
3% - >
+  ( 62 d ) T ( | | T  + I 1 ) +  C % 1T f l  d M t
I f  IP i s  t o  be a t  a minimum IP*,  th e  f i r s t  v a r i a t i o n  of  IP must be zero .
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Then f o r  any a r b i t r a r y  v a r i a t i o n s  6_z and su_ we argue t h a t  the components 
o f  Eq. 2-23 must equal zero f o r  d(IP)  t o  be z e ro .  We, t h e r e f o r e ,  have 
th e  c o - s t a t e  equa t ions
5̂ k _ 8H + 3H 









and t r a n s v e r s a l i t y  cond i t ions
P -
- *  " 8£k
3H
3(— )
= o y. = 1 *  t
2-24b
P ^ O y_ = 1  -V-1
P = - ^ -  
Hn
t  = 1 V-y_
The s t a t e  equa t ions  {Eq. 2-1 and 2-2) and boundary cond i t ions  along 
w i th  t h e  c o - s t a t e  equat ions  and t r a n s v e r s a l i t y  cond i t ions  (Eq. 2-24)  de­
s c r i b e  t h e  f i r s t  necessary  c o n d i t io n s  f o r  an extremum. We e s s e n t i a l l y
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r e d e f in e  t h e  co n s t r a in e d  op t im iza t io n  problem (Eq. 2-10) i n t o  a s t a t e ­
ment o f  an eq u iv a le n t  uncons tra ined  problem.
The necessary  c o nd i t ion  f o r  th e  optimum with  u t  S i s  9^ u = 0 
when t h e r e  i s  no i n e q u a l i t y  c o n s t r a i n t  C-j. When e x i s t s ,  then we 
simply d r iv e  th e  Hamiltonian as small as p o s s ib l e  with  r e s p e c t  to  the  
con tro l  t r a j e c t o r y  (Sage,  1968).
I t  can be shown (Butkovskiy, 1969) t h a t  f o r  l i n e a r  systems the  
necessa ry  c o n d i t i o n s ,  as s t a t e d  above, a re  a l so  s u f f i c i e n t .  In problems 
r e q u i r in g  a n o n - l i n e a r  system we can use v a r i a t i o n a l  c a l c u lu s  to  o b ta in  
th e  second v a r i a t i o n  in IP. This  y i e l d s  an a d d i t io n a l  necessary  con­
d i t i o n .
Numerical So lu t ion  Of Minimum P r in c i p l e  Equations
The numerical s o lu t io n  of  t h e  optimal con t ro l  t r a j e c t o r y  û  r e q u i r e s  
th e  s o lu t io n  to  a tw o-po in t  boundary-value problem. S o lu t io n  techniques  
a re  d iv id e d  in to  d i r e c t  and i n d i r e c t .  We use th e  d i r e c t  approximation 
to  the  s o lu t io n  techn ique  in t h i s  r e s e a r c h ,  but  before  i t s  development,  
we d e s c r ib e  o th e r  a p p l i c a b l e  p rocedures .
One i n d i r e c t  method i s  th e  “approximation to  the  problem" or  approx­
imation in fu n c t io n  space (Dreyfus ,  1962). In t h i s  techn ique  an optimal 
t r a j e c t o r y  i s  ob ta in ed  in  each i t e r a t i o n  o f  th e  s t a t e  and c o - s t a t e  equa­
t i o n s ,  bu t  the  c o n s t r a i n t s  and terminal  manifold equa t ions  might not  be 
s a t i s f i e d .  This i s  an optimal s o lu t io n  t o  a d i f f e r e n t  problem. We 
th e r e f o r e  i t e r a t e  upon the  model equa t ions  u n t i l  we o b ta in  th e  c o r r e c t  
problem. As we a re  dea l ing  w i th  a p a r t i a l  d i f f e r e n t i a l  eq u a t io n ,  we 
a re  r e q u i re d  to  e s t im a te  two f u n c t io n s  as th e  unknown t r a n s v e r s a l i t y  
c o n d i t i o n s .  Even with  the  assumption of  c o n t i n u i t y ,  t h i s  e f f o r t  i s  
extremely  time consuming.
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A d i r e c t  method i s  i n v a r i a n t  imbedding (Bellman, e t .  a l . ,  1960).
In t h i s  procedure we so lve  f o r  a miss ing i n i t i a l  o r  terminal  c o n d i t io n ,  
the reby  developing two i n i t i a l  value problems. The miss ing s t a t e  bound­
ary  c o n d i t io n s  a re  assumed a func t ion  o f  a general  c l a s s  o f  i n i t i a l  con­
d i t i o n s  in which i s  imbedded the  s p e c i f i c  c o - s t a t e  t r a n s v e r s a l i t y  con­
d i t i o n s .  I f  n o rd in a ry  d i f f e r e n t i a l  equat ions  were obta ined  from 
d i s c r e t i z i n g  th e  p a r t i a l  d i f f e r e n t i a l ,  our  i n v a r i a n t  imbedding problem 
would r e q u i r e  s o lu t io n  to  n x (n + 1 ) s imultaneous eq u a t io n s ,  a s i z e a b le  
concession  f o r  l a r g e  systems of e q u a t io n s .  In a d d i t i o n ,  i f  th e  system 
equa t ions  a r e  n o n - l i n e a r ,  i t  may prove necessary  t o  assume a second or 
h ig h e r  ordered  fu n c t io n a l  r e l a t i o n s h i p  f o r  th e  unknown.
The "approximation t o  th e  s o lu t io n "  or  approximation in p o l ic y  
space  (Dreyfus,  1962) , which we use in  t h i s  s tu d y ,  i s  ano ther  d i r e c t  
method in which th e  s t a t e  and c o - s t a t e  t r a j e c t o r i e s  s a t i s f y  t h e  t r a n s -  
v e r s a l i t y  c o n d i t io n s  on each i t e r a t i o n  o f  th e  system eq u a t io n s ,  but the  
con t ro l  t r a j e c t o r y  i s  probably not  the  extremum. I t e r a t i o n  i s  continued 
u n t i l  th e  optimal con t ro l  i s  ob ta in ed .  In t h i s  method we e v a lu a te  th e  
necessary  c o n d i t i o n ,  3H/3u^, and a d ju s t  th e  previous  e s t im a te  o f  the  con­
t r o l  t r a j e c t o r y  in t h e  d i r e c t i o n  o f  t h e  s t e e p e s t  g r a d i e n t .  We cont inue  
t h i s  i t e r a t i o n  u n t i l  t h e  necessary  c o n d i t io n  approaches  zero and th e  
index o f  performance remains s t a t i o n a r y ,  an i n d i c a t i o n  o f  an extremum.
The techn ique  used i s  based on f in d in g  f i r s t - o r d e r  e f f e c t s  o f  c o n t ro l s  
upon th e  c o s t  fu n c t io n  and i s ,  t h e r e f o r e ,  r e f e r r e d  to  as  a f i r s t  v a r i a ­
t i o n  techn ique .
To account  f o r  i n e q u a l i t y  c o n s t r a i n t s  C-j we add a pena l ty  func t ion  
t o  th e  o b j e c t i v e  f u n c t io n .  As the  i n f e a s i b l e  reg ion  i s  e n t e r e d ,  a weight­
ed p ena l ty  i s  added t o  th e  IP .  When th e  uncons tra ined  optimum i s  in the
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i n f e a s i b l e  reg io n  th e  p e n a l ty  w i l l  cause t h e  necessa ry  c o n d i t i o n  to 
approach zero  and a l t e r  s ign  a t  th e  boundary. This approach i s  acc red ­
i t e d  to  Bryson and Kelly  (Bryson and Denham, 1962; K e l ly ,  1960) who 
developed i t  in d ep en d en t ly .  Second o rd e r  methods (Merriam, 1964),  
a s  well as co n ju g a te  g r a d i e n t  t e c h n iq u e s ,  may be in c o rp o ra te d  in  
seek ing  the  optimum.
The incrementa l  f i r s t - o r d e r  change in  t h e  o b j e c t i v e  f u n c t io n  f o r  
p e r t u r b a t i o n s  o f  con t ro l  Au. ( t , y )  i s
a ( IP )  = /  / [ I };]1  a u  dDdt 
t D  -
To o b ta in  t h e  g r e a t e s t  change a( IP)  we a l t e r  th e  e s t im a ted  con t ro l  
u ( t , y )  by a m u l t i p l e  o f  t h e  non-zero  3H/au^
where k i s  a p o s i t i v e  non-zero  c o n s t a n t .  The new co n t ro l  i s  c a l c u l a t e d  
as  t h e  old  e s t i m a t e  p lu s  t h e  change in t h e  con t ro l  which would y i e l d  
t h e  g r e a t e s t  improvement in  t h e  index o f  performance.
Steps  o f  computat ion f o r  t h e  tech n iq u e  a r e :
(1) Assume an i n i t i a l  co n t ro l  t r a j e c t o r y ,  u_°
(2) C a lc u l a t e  t h e  s t a t e  v a r i a b l e s  by i n t e g r a t i n g  forward in 
time
(3) C a lc u l a t e  t h e  a d j o i n t  v a r i a b l e s  by backward i n t e g r a t i o n
from W  t 0  V i n
(4) Compute aH/3£ ,  t h e  n ecessa ry  c o n d i t io n  o f  an extremum, 
and IP0
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(5) Eva lua te  improved e s t im a te  o f  c o n t r o l  t r a j e c t o r y  
U,1 = U0 + AU °
( 6 ) C a lc u l a t e  th e  s t a t e  v a r i a b l e s
(7) Eva lua te  i p \  i f  IP^ >IP° (when m in im iz ing ) ,  u t i l i z e  u° 
and c a l c u l a t e  a new w ith  a d i f f e r e n t  k
(8 ) Proceed from (2) u n t i l  t h e  index o f  performance v a r i e s  
w i th in  a s p e c i f i e d  t o l e r a n c e  or au_° i s  minimal
The f i r s t  v a r i a t i o n  method q u ic k ly  converges t o  th e  reg ion  o f  the  
optimal  c o n t r o l .  This  i s  observed even when t h e  i n i t i a l  guesses  a r e  
very  poor .  As with  any g r a d i e n t  t echn ique  o s c i l l a t i o n s  appear  in  th e  
s o l u t i o n  as th e  extremum i s  approached.  Continued ref inem ent  o f  t h e  
g r a d i e n t  m u l t i p l i e r  h e lp s  in avo id ing  t h i s  c o n d i t i o n .
An a d d i t i o n a l  problem i s  in  t h e  s e l e c t i o n  o f  th e  s lo p e ' s  m u l t i p l i e r  
magni tude.  Though te c h n q iu e s  a r e  a v a i l a b l e  f o r  s e l e c t i o n  (E v e le ig h ,
1967) we use t h e  one-dimensional  golden s e c t io n  search  to  e v a l u a t e  th e  
minimum along th e  g r a d i e n t .  S u f f i c i e n c y  o f  un im oda l i ty  i s  no t  c o n s id e r ­
ed a problem in  our  e f f o r t  t o  seek improvement.
The tech n iq u e  i s  l im i t e d  only  by th e  accuracy  o f  th e  l i n e a r  approx­
imation  t o  t h e  s lo p e  o f  t h e  fu n c t io n a l  w ith  r e s p e c t  to  changes in  co n t ro l  
a c t i o n .
NONLINEAR PROGRAMMING—PATERN SEARCH
To o b ta in  a p o i n t  we use a method developed by Hooke aid Jeev es  
(1961) c a l l e d  p a t t e r n  s e a rc h .  This  i s  a p rocedure  which fo l low s  a l o g ­
i c a l  p a t t e r n  f o r  s e a rc h in g  a m ul t id imens iona l  re sponse  su r face  f o r  an 
extremum.
P a t t e r n  search  i s  based on th e  u nder ly ing  assumption t h a t  i f  any 
move on th e  re sp o n se  s u r f a c e  y i e l d s  a b e t t e r  r e s u l t  then  c o n t i n u a t i o n
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in  t h a t  d i r e c t i o n  w i l l  produce even b e t t e r  func t iona l  e v a l u a t i o n s .  I f  
s u c c e s s iv e  e x p e r im en ta t io n s  in th e  same d i r e c t i o n  produce b e t t e r  r e s u l t s  
we can i n c r e a s e  th e  s t e p  s i z e  and proceed t o  an extremum w ith  a s tep  o f  
l a r g e r  norm. But,  i f  f a i l u r e  i s  en c o u n te r e d ,  we r e t r e a t  t o  the  l a s t  
s u c c e s s ,  d e s t ro y in g  th e  p a t t e r n  and r e d u c in g  our s t e p  s i z e ,  r e tu rn in g  t o  
a more c a u t io u s  search  f o r  improvement in  each of t h e  independent  v a r i ­
a b l e s .
We ex p re s s  t h i s  p rocedure  m a th em a t ica l ly  a f t e r  Wilde and B e i g h t l e r  
(1967),  by r e f e r r i n g  t o  t h e  two-dimensional  su rface  o f  F igu re  2-3. Con­
s i d e r  an i n i t i a l  o r  base p o in t  b} which in  general i s  an n-dimensional 
v ec to r  i n  Euclidean sp a c e .  We d e f in e  A^, a vec to r  d e s c r i b e d  by the  u n i t  
v e c to r  = ( 0 , 0 , . . .  0 , 1 , 0  . . .  0 ) and s p e c i f i e d  s t e p  s i z e  of each 
independent  v a r i a b l e s  6 ^ ,  as  a^ = 5  ̂ . The search b e g in s  by p e r t u r b ­
ing from t h e  base p o i n t ,  f i r s t  adding then  s u b t r a c t in g  a ^ .  I f  improve­
ment in a fu n c t io n a l  e v a l u a t i o n  i s  o b t a in e d  over t h a t  o f  b^ then we a c ­
cep t  i t s  domain p o in t  as  temporary b a se  t-j-j. P e r tu r b a t i o n  about each 
subsequent  independent  v a r i a b l e  i s  th e n  undertaken a c c e p t i n g  a new tem­
porary  b ase  t^-j upon f i n d i n g  any improvement.  The b e s t  temporary base  
i s  then d e f in e d  as t h e  second base p o i n t  b g .  With t h i s  t h e  f i r s t  p a t t e r n  
i s  e s t a b l i s h e d .  Reasoning t h a t  improvement i s  on t h e  r a y  con ta in ing  b-j 
and b2 , we extend from b^ a d i s t a n c e  tw ic e  th e  Euc lidean  norm Hbg -  b^ | | .
This  new base  p o in t  i s  temporary  and d e f in e d  as t ^ g .  I t  i s  f rom t h i s  
p o in t  t h a t  we once aga in  p e r tu rb  e v e n t u a l l y  de f in ing  t h e  b e s t  po in t  as 
b^. We a g a in  d e f in e  ou r  nex t  temporary  b ase  t j g  as t w ic e  the  d i s t a n c e  
from t h e  p rev ious  two b ase  p o i n t s ,  b^ anc* ^ 2 * ^e shou ld  no te  t h a t  i f  
improvement in th e  range  con t inues  t h e  | |b^ -  b^ _ -j | | i n c r e a s e s  and t h e  
search  a c c e l e r a t e s .
Figure 2-3
E s ta b l i sh in g  and Destroying a P a t te rn  
( a f t e r  Wilde and B e i g h t l e r ,  1967)
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I f  p e r tu rb a t io n  about a temporary base y i e l d s  no b e t t e r  value in 
t h e  range we accep t  t h e  temporary base as th e  base  po in t  and proceed.
I f ,  however, we find, t h a t  upon s tepp ing  none o f  t h e  temporary bases 
y i e l d  an improvement we must r e t u r n  t o  the  l a s t  base po in t  and e i t h e r  
h a l t  t h e  search  or  decrease  t h e  s t e p  s i z e  and begin  a new p a t t e r n .
As in g r a d i e n t  techn iques  and many o the r  l o g i c a l  methods the  pa t ­
t e r n  search  has t h e  d isadvan tage  of  h a l t i n g  th e  search  a t  a loca l  minimum. 
To c ircumvent  t h i s  we i n i t i a l i z e  t h e  procedure a t  var ious  i n i t i a l  condi­
t i o n s .  The method does no t  r e q u i r e  i m p l i c i t  c a l c u l a t i o n s  o f  the  s lope 
and i t s  speed o f  convergence and accuracy a re  good. In a d d i t i o n ,  p a t ­
t e r n  s e a rc h ,  u n l ik e  th e  g r a d i e n t  t e chn ique ,  i s  a good r id g e  fo l low er .
I t  i s  because o f  t h i s  f e a t u r e  t h a t  th e  computational t ime only  l i n e a r l y  
i n c r e a s e s  w ith  in c rea s in g  d im en s io n a l i ty  (Wilde and B e i g h t l e r ,  1967).
SUMMARY
In t h i s  c h a p te r  we have concen t ra ted  on p re sen t in g  genera l  mathe­
m at ica l  and numerical techn iques  employed in t h i s  r e se a r c h .  Chapter  I I I  
and IV fo l low  with s p e c i f i c  a p p l i c a t i o n  to  the  soybean ecosystem.
CHAPTER III
SYSTEMS DYNAMICS
In t h i s  c h a p te r  we d e s c r i b e  t h e  model used t o  s im u la te  soybean 
p l a n t  growth and i n s e c t  p e s t  po p u la t io n  dynamics. Each o f  t h e  s tu d i e d  
components a r e  d e s c r ib ed  and assumptions  o u t l i n e d .  Where p o s s i b l e  we 
v a l i d a t e  each o f  t h e  subsystems.
The i n s e c t  p e s t s  a r e  t h e  Southern green  s t i n k  bug (SGSB), a pod 
f e e d e r ,  and t h e  v e l v e t  bean c a t e r p i l l a r  (VBC), a d e f o l i a t o r .  The Dare 
and Lee v a r i e t i e s  o f  th e  soybean a r e  s im u la ted  t o  accoun t  f o r  t h e  
p l a n t ' s  dynamic response  to  p e s t  damage.
The s t i n k  bug i s  n o t  b e l i e v e d  t o  be s t r o n g l y  in f lu en c ed  by p r e ­
d a t io n  and p a r a s i t i s m  (Herzog,  J e n se n ,  Newsom, 1975) ,  b u t  th e  v e l v e t  
bean c a t e r p i l l a r  i s  though t  t o  be s i g n i f i c a n t l y  a f f e c t e d  by n a t u r a l  
b i o l o g i c a l  c o n t r o l .  To d a t e  we canno t  c o n f i d e n t l y  i d e n t i f y  t h e  pop­
u l a t i o n  s p e c i e s  which belong t o  t h i s  p r e d a t o r - p a r a s i t e  (PP) complex. 
Bu t ,  because  t h i s  complex p lays  an im p o r tan t  r o l e  in  t h e  dynamics o f  
t h e  v e l v e t  bean c a t e r p i l l a r  we s im u la te  i t  w i th  a s im ple  dynamic 
model.  P e s t i c i d e  a p p l i c a t i o n  a f f e c t s  t h e  s t i n k  bug, v e l v e t  bean c a t ­
e r p i l l a r  and PP complex. A diagram o f  t h e  s im u la ted  system i s  d i s ­
played in  F igure  3 -1 .
Our system model s im u la te s  p l a n t  growth dynamics from th e  t im e  
bean pods beg in  development u n t i l  h a r v e s t .  The p l a n t  growth and pop-
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u l a t i o n  equa t ions  a r e  assumed s p a t i a l l y  homogeneous. P lan t  mass and 
in s e c t  popula t ion  a r e  computed on a per  f o o t  o f  row b a s i s .
We assume no a d d i t io n a l  immigration or  i n f l i g h t s  a f t e r  podse t ,  ex­
cep t  where d e t e r m i n i s t i c a l l y  d esc r ib ed .  Cl imat ic e f f e c t s  are ignored 
f o r  lack  o f  d e t a i l e d  information  and because the  i n s e c t s  o f  the Gulf- 
South reg io n  appear i n s e n s i t i v e  to  environmental c o n d i t io n s  dur ing th e  
s im u la t io n  per iod .
BASIC POPULATION EQUATION
Chapter  I I  in t roduced  the  f i r s t - o r d e r  l i n e a r  hyperbo l ic  equat ion  
as a p o t e n t i a l  i n s e c t  sp ec ie s  model. We approach t h e  popula t ion  mod­
e l in g  u t i l i z i n g  t h i s  age-dependent  model because o f  t h e  p rec i s io n  i t  
o f f e r s  and th e  ease with  which i t  can be t r e a t e d  by v a r i a t i o n a l  c a l ­
c u lu s .  We use th e  convolu t ion  i n t e g r a l  to  determine th e  p a r t i a l  d i f ­
f e r e n t i a l  e q u a t i o n ' s  age-dependent c o e f f i c i e n t s .  We now develop the  
s p e c i f i c  system e q u a t io n s .
The popula t ion  model i s  based on t h e  concept o f  t h e  conse rva t ion  
of  s p e c ie s  numbers,  and to  de r iv e  th e  equat ions  we co n s id e r  an open 
system about  a spec ie s  o f  age Y a t  t ime T, Figure 3 -2 .  Input  i n to  t h e  
Euler  co n t ro l  volume around age Y i s  t h e  f lu x  of  t h e  number of  s p e c ie s  
o f  age Y-aY and i n f l i g h t .  I n f l i g h t  o r  immigration i s  the  f lux  o f  
ad u l t  i n s e c t s  in to  the  f i e l d  during t h e  time per iod  o f  the  s im u la t ion .  




Y Y + AY
Figure 3-2. Balance About Species Control Volume 
The a p p ro p r i a t e  d i s c r e t e  equat ion  f o r  t h e  time dependent s t a t e  i s  then ,
'~^ T*Y'̂ AŶ  = “ Z(T »Y + AY) + Z(T»Y) 3"1
-  M(T,Y)AY + I(T,Y)AY
where M i s  m o r ta l i ty  and I th e  r a t e  of  i n f l i g h t .  Assuming AY indepen­
dent  o f  t im e ,  we d i v id e  Eq. 3-1 by AY and a l lowing AY to  approach 0 we 
o b ta in
+ M(T,Y) = I (T ,Y) 3-2
M o r ta l i ty  and i n f l i g h t  can be s u i t a b l y  r e p re s e n te d  as f i r s t  o rd e r  
exponent ia l  decays and growths,  r e s p e c t i v e l y ,  g iv ing
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M(T.Y) -  k(Y)Z{T,Y)
+ ku (Y) (1-  k{Y))  u(_T,Y)Z(T,Y) 
+ kp{Y) Z(T,Y) Z8 (T)
3-3
and
I(T»Y) = q(Y) EZr e f (Y) -  Z(T,Y)] 3-4
where
k(Y), k (Y),  k (Y) a r e ,  r e s p e c t i v e l y ,  c o e f f i c i e n t s  o f  u p
na tu ra l  m o r t a l i t y ,  p e s t i c i d e  m o r t a l i t y ,  
and PP feed ing  m o r t a l i t y  f r a c t i o n
The c o n t ro l  v a r i a b l e  u(T,Y) i s  both age-  and t ime-dependent  and i n ­
d i c a t e s  t h e  f r a c t i o n  o f  th e  popula t ion  o f  a given age in s ta n ta n e o u s ly  
k i l l e d  a t  a given t im e .  The assumption o f  ins tan taneous  con tro l  d e v ia te s  
from r e a l i t y  in  very few cases .  Some p e s t i c i d e s  w i l l  be e f f e c t i v e  
fo r  a s h o r t  per iod o f  t ime in th e  f i e l d ,  decaying e x p o n e n t i a l ly  
in e f f e c t i v e n e s s .  However, p re sen t  government r e g u la t io n s  and re sea rch  
has provided p e s t i c i d e s  with only s h o r t  t ime spans o f  e f f e c t i v e n e s s .
c
P
i s  t h e  maximum feed ing  c a p a c i ty  of  th e  PP 
spec ies  popula t ion
Zg(T) i s  t h e  PP popula t ion
and
q(Y) i s  t h e  spec ies  immigration c o e f f i c i e n t
The p e s t i c i d e  m o r t a l i t y  ku i s  an age-dependent d i s t r i b u t i o n  
d e s c r ib in g  the  i n s e c t  developmental s tag e s  a t  which p e s t i c i d e  i s  
e f f e c t i v e .  We w r i t e
ku (Y) = EN^Y) c.  3-5
s tag e s
where , def ined  by Eq. 2 -8 ,  i s  th e  s tage  p r o b a b i l i t y  d i s t r i b u t i o n .
c.j i s  zero i f  th e  i t h  s tage  i s  n o t  c o n t r o la b le  and one i f  i t  i s  con­
t r o l  a b le .  We may, t h e r e f o r e ,  i n c r e a se  m o r t a l i t y  o f  s tag e s  s u s c e p t ib l e  
t o  con t ro l  by a s p e c i f i c  con tro l  t a c t i c .
The v e lv e t  bean c a t e r p i l l a r  popu la t ion  dynamics a re  
modified by th e  PP complex. We s im u la te  p red a t io n  and p a r a s i t i s m  by 
f i r s t  normalizing t h e  PP popula t ion  and d i s t r i b u t i n g  i t s  e f f e c t  on the
prey with the  PP feed ing  m o r t a l i t y  f r a c t i o n  k . Again, k_ i s  s tag e -
P P
and th e r e f o r e  age-dependent .  We o b ta in  i t s  va lue  kp (Y) from an eq­
u a t io n  s im i l a r  t o  Eq. 3 - 5 ,  but now c-j may be a r e a l  number on [ 0 , 1 ] .
Describing the  PP feeding c a p a c i ty  Cp i s  e a s i e r  i f  we study i t s  
l i m i t s  (Figure 3 -3 ) .  As c approaches i n f i n i t y  t h e  PP feeds  on a
r
co n s ta n t  p ropor t ion  o f  t h e  prey.  I f  i n s t e a d ,  we al low Cp t o  approach 
z e ro ,  then PP feed ing  approaches a c o n s ta n t  v a lu e .  This  argument i s  
j u s t i f i a b l e  because t h e  PP popula t ion  can only feed on th e  numbers o f  
prey requ i red  t o  s a t i s f y  t h e i r  needs (Watt,  1959). Such f a c t o r s  as 






Prey P o p u la t io n  (number per u n it  area)
Figure 3-3 .  L imit  o f  Feeding by th e  PP Complex
The d r iv in g  f o r c e  f o r  immigration Zmax (T,Y) -  Z(T,Y) i s  th e  un­
a t t a i n e d  por t ion  o f  an es t im a ted  maximum p o p u la t io n .  The immigrat ion 
c o e f f i c i e n t  q(Y) i s  assumed a f r a c t i o n  of  t h e  i n i t i a l  p e s t  i n f l i g h t s .
We combine Eqs. 3 - 2 ,  3-3 and 3-4 to  form the  popula t ion  model.
In t h i s  r e search  we normalize  the  equat ion  assuming a f ix e d  length  
o f  th e  s im ula t ion  time per iod  t m, a -maximum spec ie s  age ym» and 
maximum Zmax and minimum Zm̂ n popula t ion  l e v e l s .  The normalized 
v a r i a b l e s  a re  then ,
0
where we d e f in e  t h e  i n i t i a l  age and time equal z e ro .  The dimension- 
l e s s  e q u iv a le n t  t o  t h e  popula t ion  model (Eqs. 3 -1 ,  3 - 2 ,  -3  and 3 - 4 ) ,  





-  ^ ^ m a x ( z r e f  ~ z )
The i n i t i a l  c o n d i t io n  i s  simply a s p e c i f i e d  age-dependent  i n ­
f l i g h t ,  Z(0,Y). The s t a t e  boundary co n d i t io n  r e p re s e n t s  th e  eggs l a i d  
a t  a given t ime.  This  i s  accomplished by th e  normalized in t e g ra l  
boundary c o n d i t io n
where B(y) i s  th e  normalized o v ip o s i t i o n  r a t e .  These equa t ions  are  
solved num er ica l ly  on the  d i g i t a l  computer us ing th e  cen tered  d i f f e r e n  
a lgor i thm s o f  Chapter  I I .  Appendix I I  demonstra tes  t h e i r  usage.
SOUTHERN GREEN STINK BUGS
Overwintering s t i n k  bugs begin feed ing  on c l o v e r ,  weeds, and ea r ly  
commercial c rops .  They produce th e  nex t  g e n e ra t io n  which e v en tu a l ly  
m ig ra te s  in to  th e  soybean f i e l d  a t  blossom and podset  (Newsom, e t .  a l . 
1974). I t  i s  b e l iev e d  t h a t  th o se  s t i n k  bugs which e n t e r  t h e  f i e l d  
p r i o r  to  podset  e i t h e r  d i e  o r  leave  f o r  lack  o f  food.  This
1
z ( t , 0 )  = ym /  B ( y ) z ( t , y )  dy 3-7
o
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g e n e ra t io n  i s  t h e  second of  t h e  y e a r  and c r e a t e s  th e  g r e a t e s t  amount 
o f  damage in  th e  e a r ly  maturing v a r i e t i e s  o f  soybeans.  The t h i r d  
gen e ra t io n  i s  u su a l ly  l a i d  in  t h e  soybean f i e l d  and damage t h e  ma­
t u r i n g  seedpods. The t h i r d  and perhaps a f o u r th  genera t ion  su rv iv e  
th e  w in te r  t o  con t inue  th e  l i f e  c y c l e .
The a d u l t  i s  capable  of  f l i g h t  and e a s i l y  m igra tes  from f i e l d  to  
f i e l d .  The female l a y s  approximate ly  400 eggs in  masses o f  85 over 
a per iod  o f  one month. The eggs hatch in  about  s ix  days and a f t e r  
pass ing  through f i v e  nymphal s t a g e s  reach adu l thood .  The f i v e  s tages  
a r e  r e f e r r e d  to  as consecu t ive  i n s t a r  p e r io d s .  The nymphs a r e  mobile,  
bu t  s in ce  they  cannot  f l y ,  o f te n  remain near  t h e i r  egg mass.
Adult and l a r v a l  s t inkbugs  feed  on beans by p ie rc in g  th e  pod h u l l .  
They a r e ,  t h e r e f o r e ,  ex te rna l  f e e d e r s  and have adapted by evolv ing 
p ie rc in g - s u c k in g  m outhparts .  The s ty l u s  p ie r c e s  the  bean and sucks 
ou t  j u i c e s  d e s t ro y in g  o r  reducing  th e  bean in  q u a l i t y  and q u a n t i t y .
There i s  a l s o  some evidence t h a t  because of  t h i s  feeding p r o c e s s ,  the  
s t i n k  bug i s  a v e c to r  o f  p l a n t  d i s e a s e s .
S t in k  Bug Damage
Losses in  soybean q u a l i t y  and q u a n t i ty  have been s tu d ie d  by a 
number o f  i n v e s t i g a t o r s .  Miner (1961),  B l i c h e n s t a f f  and Huggans (1962), 
Todd and Turnipseed (1974),  Thomas and Newsom (1974),  Duncan and Walker 
(1974) and Jensen  and Newsom (1972) have demonstrated th e  p e s t ' s  po­
t e n t i a l  f o r  damage. Miner, Todd and Turnipseed descr ibed  th e  o i l  and 
p r o t e in  c o n te n t  o f  t h e  soybean b e fo re  and a f t e r  s t i n k  bug fe e d in g .
Duncan and Walker found t h a t  small f i e l d  t e s t s  w ith  one s t i n k  bug per 
1 .3 2 ,  3.1 and 4.93 f e e t  of  row over  a per iod o f  seven weeks y i e l d
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6 2 .1 ,  45 .6  and 33.1 p e rc e n t  damaged s e e d s ,  r e s p e c t i v e l y .  The most 
s i g n i f i c a n t  q u a n t i t a t i v e  work comes from Thomas and.Newsom. Here,  
s t i n k  bugs o f  each damage-producing s t a g e  were caged on soybean p l a n t  
racemes o f  t h r e e  d i f f e r e n t  s tag e s  o f  p l a n t  development;  pods 1 / 2  t o  
3 /4  f i l l e d ,  pods 3 /4  t o  complete ly  f i l l e d  and pods comple tely  f i l l e d  
and beginning  to  y e l lo w .  The average  number o f  s t i n k  bug punctures  
and bean weight  r e d u c t io n s  were r ec o rd ed .  This d a t a ,  as  an average  o f  
th e  t h r e e  t e s t s ,  i s  p re sen ted  i n  Table  3-1.
Table  3-1
Average Number o f  SGS8  Pod Punctures  
and Bean Weight Reductions From SGSB Feeding.
Number Grams
Punctures  Reduction
SGSB S tag e  Per  Day Per Day
3 3 .0733
4 3 .4  .0703
5 4 . 5  .0797
Average Adult 4.1  .0870
We used th e  d a t a  o f  Table 3-1 t o  d e sc r ib e  t h e  q u a n t i t y  l o s s  due
to  t h e  SGSB. The d a i l y  p o t e n t i a l  f o r  gram w e ig h t  red u c t io n  z3 i s
1 az3 ( t , y )  f 3 c , ( y ) z 1 ( t . y )
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where t h e  SGSB fe ed in g  r a t e  i s  given by
, . Feeding r a t e  (grams per day)
c a y )  = £ per  SGSB by Stage  x N-
1 s t a g e s  1
i s  d e f in ed  in  Eq. 2-8 as  th e  s ta g e  p r o b a b i l i t y  f u n c t i o n .
During e a r l y  pod development,  f e ed in g  by the  s t i n k  bug may promote 
a b c i s s io n  o f  pods (Newsom, e t .  a l . ,  1974) .  However, t h i s  e f f e c t  i s  
d i f f i c u l t  t o  measure s in c e  th e  p l a n t  i n i t i a l l y  produces  more pods t h a n  
can be f i l l e d .  We assume t h i s  t o  be a compensatory p ro cess  on the 
p a r t  o f  t h e  p l a n t .  Jensen  and Newsom found t h a t  damage was more a 
f u n c t io n  o f  where t h e  bean was punctured  than  the  number o f  t imes.  I f  
t h e  r a d i c l e -h y p o c o ty l  a x i s  o f  t h e  seed i s  punctured d u r in g  e a r ly  de­
velopment th en  heavy damage i s  a lmost  i n e v i t a b l e .
Q u a l i ty  damage i s  more d i f f i c u l t  t o  d e s c r ib e  m a th em a t ica l ly .
Though some d a t a  e x i s t s ,  a c l e a r  d e s c r i p t i o n  o f  th e  damage i s  l a c k in g  
due t o  our  i n a b i l i t y  t o  p r e d i c t  puncture  l o c a t i o n  and number.
To d e r i v e  an e x p re s s io n  f o r  q u a l i t y  damage we f i r s t  .a ttempt t o  
d i s c e rn  a r e l a t i o n s h i p  between t h e  number o f  seeds n o t  damaged o f  a 
100 seed sample and th e  y i e l d  from t h a t  f i e l d  (Herzog, 1974).  Three  
f i e l d s  a r e  analyzed by l i n e a r  r e g r e s s i o n  and in each c a s e  we conclude 
independency with  a conf idence  i n t e r v a l  o f  95 p e rc e n t .
We t u r n  t o  t h e  caged f i e l d  d a ta  o f  Todd e t . a l .  (T ab le  3-2) f o r  
SGSB q u a l i t y  damage d a t a .  Because no d a ta  f o r  i n t e r m e d i a t e  p o p u la t io n  
l e v e l s  a r e  g iven  we r e l y  on s im u la t in g  th e  po p u la t io n  magnitudes.  
U t i l i z i n g  t h e  d a ta  o f  Thomas e t . a l . ,  we c a l c u l a t e  t h e  number o f  bug 
punctures  per  average  f o o t  o f  row. C o r r e l a t i n g  t h e s e  d a t a  w ith  t h e  
p e rcen t  damaged seeds  o f  1 0 0  seed samples produces a c o r r e l a t i o n  c o -
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e f f i c i e n t  o f  .951 ,  s i g n i f i c a n t  a t  the  99% l e v e l .  The l i n e a r  s t a t i s t i ­
cal f i t  shown in  Figure  3-4 with  zero i n t e r c e p t  has a s lope o f  .0719.
Table  3-2
Caged F ie ld  Data Used f o r  Determinat ion  of  the 
Q ua l i ty  Damage -  SGSB Populat ion  R e la t io n sh ip
Mean
Dates o f  P e rcen t
Popula t ion  S tage  SGSB I n i t i a l  P o p u la t io n  Levels Damaged
I n f e s t a t i o n  In troduced (Number Per  Foot Row)
Experiment H a
8-18 t o  9-23 4 th  I n s t a r  1 /3  5.4
9-25 t o  11-7 1 14 .4
3 51.4
5 55.8
Experiment I l i a  Adults  1 /3  20 ,5
8-17 t o  9-17 1 64.1
9-18 t o  11-10 3 99.3
S t in k  Bug Model Parameters
(1)  Stage D i s t r i b u t i o n  -  As da ta  a v a i l a b l e  on m o r ta l i ty  and f e c ­
un d i ty  a re  based on p h y s io lo g ica l  s tages  we must be able t o  c o n v e r t  them 
to  age-dependent  d i s t r i b u t i o n s  f o r  use with  t h e  population e q u a t io n .  The 
impulse response f u n c t io n  in t roduced  in Chapter  I I ,  Eq. 2 - 8 , p rov ides  
the t h e o ry  necessary  t o  de te rm ine  these  age-dependent  parameters .
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L in ear  R e g r e ss iv e  F i t  o f  Q u a lity  Damage by th e  Southern Green S tin k  Bug
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y i e l d s  th e  emergence fu n c t io n  E ( t )  (F igure  3 - 5 ) .  The d e r i v a t i v e  with 
t ime o f  t h i s  f u n c t io n ,  d E ( t ) / d t ,  i s  th e  impulse response fu n c t io n  
(Rudd, 1976).
E Ct)
Figure  3 -5 .  The Emergence fu n c t io n  E ( t )  and 
impulse Response Funct ion
With t h e  emergence d a ta  o f  K i r i t a n i  (1964),  Table  3 - 3 ,  and th e  theory  
o f  Chapter  I I  we o b ta in  a s t a g e  p r o b a b i l i t y  d i s t r i b u t i o n  fu n c t io n ,  












Means and S tandard  D ev ia t ions  o f  Residence Times 
in Developmental S tages  f o r  Nezara V i r id u l a
Standard
Mean Devia t ion
S ta g e  (Days) (Days)
Egg 6 1 .0
I n s t a r s
F i r s t  3 1 .8
Second 8  3 .8
Third  7 3.1
Fourth  8  4 . 0
F i f t h  8  3 .9
We must note  t h a t  i f  the  p o p u la t io n  o f  any s i n g l e  s t a g e  i s  ab­
r u p t l y  a l t e r e d  th e  o t h e r  s t a g e s  which s h a re  p r o b a b i l i t i e s  o f  e x i s t e n c e  
a t  t h a t  age w i l l  a l s o  be e f f e c t e d .  However, we have de termined 
through s im u la t io n  t h a t  th e  model i s  n o t  o v e r ly  s e n s i t i v e  to  p e r t u r ­
b a t io n s  in  t h e  p o p u la t io n  a t  any s p e c i f i c  age.
(2)  Natural M o r t a l i t y  -  Natura l  m o r t a l i t y  i s  c a l c u l a t e d  from 
l a b o r a t o r y  s t i n k  bug s u rv iv a l  d a t a  o f  Corpuz (1969) ,  in  which i t  i s  
shown t h a t  a d u l t s  l i v e  an average o f  33 days w i th  a s ta n d a rd  d e v i a t i o n  
o f  3 .4  d ay s .  The u n c o n t r o l l e d  nymphal m o r t a l i t y  r a t e  i s  n e a r ly  con­
s t a n t  th roughou t  t h e  nymphal s t a g e s ,  and i s  about  94 p e rc e n t  n e t  ac­
cord ing  t o  cag e - s tu d y  d a t a  of  k i r i t a n i ,  Hokyo and Kimura (1963).  We 
assume egg m o r t a l i t y  t o  be 25 p e rc e n t  ( K i r i t a n i ,  Hokyo and K i ru ra ,
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1967). This  in c lu d e s  t h e  eggs which a r e  u n f e r t i l e  and those  t h a t  
f a i l  t o  h a tc h .
The age-dependent  c o e f f i c i e n t s  fo r  egg m o r t a l i t y  a re  c a l c u l a t e d  
simply as t h e  p ro d u c t  o f  the  impulse response  f u n c t io n  f o r  eggs and a 
c o n s t a n t  s t a g e  m o r t a l i t y .  Nymphal m o r t a l i t y  i s  assumed to  t a k e  e f ­
f e c t  upon t h e  i n s e c t s  e n t e r in g  o r  e x i t i n g  a nymphal s ta g e .  M o r t a l i t y  
o f  a d u l t s  i s  c a l c u l a t e d  from t h e  d i s t r i b u t i o n  o f  lo n g e v i ty ,  keeping 
t r a c k  o f  each nymph as  they  mature  t o  an a d u l t .  The r e s u l t i n g  m o r t a l ­
i t y  d i s t r i b u t i o n  i s  d i sp la y e d  in  Figure  3 -7 .
(3 )  Fecundi ty  -  The a d u l t  Southern g reen  s t i n k  bug o f  t h e  second 
g e n e ra t io n  exp e r ien c e s  a p r e o v ip o s i t i o n  p e r io d  o f  approximate ly  twenty 
days (Herzog,  1974).  Egg masses a r e  then  l a i d  w i th  a mean f requency  
o f  6.91 days and s ta n d a rd  d e v i a t i o n  2 .6  days ( K i r i t a n i  and Hokyo,
1965).  Approximate ly  370 eggs a r e  l a i d  by each f e r t i l i z e d  f em ale ,
bu t  32% o f  th e  females  a r e  s t e r i l e  o r  have d ied  befo re  lay in g  ( K i r i t a n i  
and Kimura, 1963).  Because t h e  sex r a t i o  i s  approx im ate ly  1:1 (Cor- 
puz, 1969) th e  a d u l t  l a y s  an average  o f  127 eggs .
We once again  keep t r a c k  o f  each emerging a d u l t  and a l low  f o r  a 
c o n s t a n t  p r e o v i p o s i t i o n  per iod  and a s e r i e s  o f  s i x  normally d i s t r i b u ­
te d  o v i p o s i t i o n  p e r i o d s .  Adding t h e  lay in g  a b i l i t y  o f  each emerging 
a d u l t  y i e l d s  t h e  age-dependent  f e c u n d i ty  c o e f f i c i e n t  d i s t r i b u t i o n  o f  
F igure  3 -8 .
(4)  Seasonal  I n f l i g h t s  -  I n f l i g h t s  o t h e r  th an  th e  i n i t i a l  m igra­
t i o n  a r e  s im u la ted  u s in g  a l i n e a r  p o t e n t i a l  f o r  f i e l d  p o p u la t io n s .
The d r i v i n g  f o r c e  p re se n ted  above,  Eq. 3 -4 ,  in c lu d e s  an age-dependent  
c o e f f i c i e n t  t h a t  p e rm i t s  on ly  a d u l t s  to  f l y  i n t o  t h e  f i e l d .  We assume
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t h a t  new i n f l i g h t s  both s u f f e r  normal m o r t a l i t y  and lay  eggs the day 
on which they  a r r i v e .  Control does not  a f f e c t  new a r r i v a l s .
(5) Control -  Control a f f e c t s  only the  l a s t  two nymphal and 
a d u l t  s tage s  ( Jensen ,  1974). Control i s  accomplished by m u l t ip ly in g  
th e  pe rcen t  con t ro l  by th e  sum of  c o n t r o l l a b l e  s ta g e  p r o b a b i l i t i e s  a t  
any age,  Eq. 3-5 .
Resu l t s  and V a l id a t io n
Em pir ica l ly  we f r e q u e n t l y  f in d  an i n i t i a l  popula t ion  i n f l i g h t  o f  
1 /3  s t i n k  bug per  f o o t  o f  row (Newsom, 1974). Since th e  i n f l i g h t s  a r e  
composed onty  o f  a d u l t s  we use as  our  model i n i t i a l  c o n d i t io n s  1/3 
bug per  fo o t  row normally d i s t r i b u t e d  in  the  a d u l t  ages (F igure  3 -9 ) .
The model d e s c r ib e s  th e  popu la t ion  dynamics over  a 60-day p e r io d ,  be­
ginning  60 days p r i o r  t o  h a rv e s t  when bean pods o f  the  d e t e r m i n i s t i c  
Dare v a r i e t i e s  begin podse t .  The Lee v a r i e t y  encounters  podset  approx­
im ate ly  90 days p r i o r  to  h a r v e s t .
Figure 3-10 shows t h e  popu la t ion  dynamics w i thou t  con t ro l  and 
immigrat ion in  Dare, w h i le  Figure 3-11 d i s p l a y s  t h e  popu la t ion  dynamics 
dur ing  L ee 's  n in e ty  day p e r io d .  Here and in  fo l low ing  f i g u r e s  we sum 
t h e  f i v e  nymphal p o p u la t io n s .  For v a l i d a t i o n ,  we superimpose the  com­
bined nymphal and a d u l t  f i e l d  popu la t ion  d a ta  taken  independent ly  by 
Herzog (1974) in  Dare. The conf idence  i n t e r v a l s  shown a re  c a lc u l a t e d  
from th e  n e g a t iv e  binomial d i s t r i b u t i o n  (Rudd, e t  a l . ,  1976) ,  which 
d e s c r ib e s  t h e  d i s t r i b u t i o n  o f  c l u s t e r e d  i n d i v i d u a l s .  The s t i n k  bug 
i s  found to  group in  th e  f i e l d ,  p r im a r i ly  due to  t h e  l a r g e  egg masses 
and l im i t e d  m o b i l i ty  o f  t h e  immature bugs.
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occur  con t inuous ly  a t  a reduced leve l  a f t e r  t h e  i n i t i a l  a r r i v a l  o f  
t h e  s t i n k  bugs. The c o e f f i c i e n t  o f  immigration i s  assumed one-hund­
r e d th  t h e  i n i t i a l  i n f l i g h t  of  a d u l t s .  N a tu r a l l y ,  th e  popula t ion  
t r e n d s  a r e  s e n s i t i v e  t o  th e  r a t e  o f  l a t e r  i n f l i g h t ;  what i s  shown i s  
one o f  several  assumed r a t e s  we t r i e d .  The r e s u l t s  a r e  s t i l l  too t e n ­
uous t o  p re sen t  any s u b s t a n t i a l  conc lus ions  on seasonal  i n f l i g h t s ,  as 
a r e s u l t  the  bulk o f  our  experimental  s tu d i e s  assume zero immigrat ion.
We must p o in t  ou t  t h a t  th e  d a ta  i s  from only  one season with  a 
s p e c i f i c  environment.  Even so ,  t h e  s a t i s f a c t o r y  agreement between 
model r e s u l t s  and f i e ld - s u r v e y  d a ta  leads  us to  conclude t h a t  t h e  
model o f f e r s  a r e a so n a b le  p r e d i c t i v e  tool w i th  which to  s im u la te  rea l  
sys tems.  This agreement i s  p a r t i c u l a r l y  s t r i k i n g  when one r e c a l l s  
t h a t  t h e  parameters  i n  th e  model a re  taken unmodified from la b o r a to ry  
and f i e l d - c a g e  s t u d i e s ,  most o f  which were done in  Japan.
VELVET BEAN CATERPILLAR
The v e lv e t  bean c a t e r p i l l a r  i s  perhaps th e  most damaging d e f o l i a ­
t o r  i n  th e  soybean f i e l d  today (Newsom, e t .  a l . ,  1974).  Each y e a r  the  
overw in te r ing  po p u la t io n s  o f  moths which su rv iv e  in  th e  warm reg io n  o f  
F lo r id a  and in the  Caribbean begin  a m igra t ion  which may take  t h e  
s p e c ie s  as  f a r  n o r th  as  Kentucky and as f a r  w es t  as Texas. The moths 
may reach  Kentucky in  June o r  J u l y .  The popu la t ion  i s  k i l l e d  by t h e  
w in te r  cold  in  a l l  r eg ions  except  southern  F l o r i d a .
The small n o c tu rna l  moths l a y  t h e i r  eggs s in g l y  on the  u n d e r su r ­
f a c e  o f  leaves  w i th in  j u s t  n ine days a f t e r  c o p u la t in g  (Watson, 1916).  
Eggs ha tch  in  about  fo u r  days and th e  d e f o l i a t i n g  c a t e r p i l l a r s  then  
p rog ress  through s i x  l a r v a l  s t a g e s .  The c a t e r p i l l a r  then  pupates  two
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inches  below the  s o i l  s u r f a c e ,  e v e n tu a l ly  emerging as th e  moth. Ap­
prox im ate ly  t h r e e  g e n e ra t io n s  e x i s t  each y e a r .  Like t h e  s t i n k  bug, 
they  appear  t o  be a t t r a c t e d  to  th e  f i e l d  in  l a r g e  numbers near  podse t.
Two models o f  t h e  v e lv e t  bean c a t e r p i l l a r  a re  p u b l i shed ;  a s to c h ­
a s t i c a l l y  d r iven  model by Menke (1973) and a d e t e r m in i s t i c  convolu t ion  
model o f  Rudd (1976).  We compare our  s im u la t io n  r e s u l t s  with th ese  
publ ished  r e s u l t s .
Velvet  Bean C a t e r p i l l a r  Damage
Though th e  c a t e r p i l l a r  has been s tu d ie d  f o r  y e a r s ,  very l i t t l e  
d a ta  a r e  a v a i l a b l e  on the  r a t e s  a t  which th e  nymphs consume soybean 
f o l i a g e .  The d a ta  we used were obta ined  by Greene (1971) and commun­
i c a t e d  by Menke (1973).
The f i r s t  and second l a rv a  s tage s  consume minimal amounts,  where­
a s  the  t h i r d  and f o u r th  can e a t  14.5  and 29.1 mg., r e s p e c t i v e l y ,  each 
day .  The major  damage producers  a re  th e  f i f t h  and s i x t h  i n s t a r s  which 
can d a i l y  consume 218 mg. and 262 mg. r e s p e c t i v e l y .  T h e .s ix th  i n s t a r  
e x h i b i t s  t h e  g r e a t e s t  damage p o te n t i a l  because o f  i t s  lo n g e r  s ta g e  
r e s id e n c e  t ime.  We assume t h a t  th e  c a t e r p i l l a r  does not  a t t a c k  the  
beans d i r e c t l y .
We express  t h e  d a i l y  feed ing  p o te n t i a l  as
1 3Z4 ( t , y )  f 4 C2 (y )z 2 ( t , y )
ym ^  = ym "
where th e  VBC feed ing  r a t e  eg i s  given by
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c 2Cy) = z  Feeding r a t e  (grams x Percentage  of
s ta g e  per  day) pe r  VBC by VBC in s ta g e  i
s ta g e  a t  age y
The e f f e c t  o f  l e a f  a rea  reduc t ion  on y i e l d  i s  s tu d ied  in  fo llow­
ing s e c t i o n s .
Velvet Bean C a t e r p i l l a r  Model Parameters
(1) Stage D i s t r i b u t i o n  -  The popu la t ion  s ta g e  dynamics o f  the  
c a t e r p i l l a r  r e l a t i v e  to  t h a t  of  t h e  SGSB's a re  r a p id .  As a r e s u l t ,  
th e  use o f  c o n s ta n t  s tag e  r e s id en ce  t imes does no t  appear t o  g r e a t l y  
a l t e r  the  p r e c i s io n  o f  th e  model. Rudd (1976) employs the  following s tag e  
d u r a t io n s  in days f o r  the  egg,  f i r s t  through s i x t h  i n s t a r ,  pupa and 
moth, r e s p e c t i v e l y ,  3,  2 ,  4 ,  3 ,  4 ,  3 ,  12, 8  and 14. The r e s u l t  i s  a 
uniform s ta g e  d i s t r i b u t i o n  over each per iod  (F igure  3 -13) .
(2) M o r ta l i ty  -  M o r ta l i ty  c o e f f i c i e n t s  a re  e a s i l y  c a l c u l a t e d  
when we assume an exponent ia l  decay
k2 (Y) = -  1  l n ( l  -  k )
s tag e  s tag e
and have a c o n s ta n t  s t a g e  m o r t a l i t y  ks t a ge and r e s id en ce  time Ts t age*
A r a t e  of m o r t a l i t y  o f  30 p e rc e n t ,  which accounts  f o r  co n t ro l  by a 
PP complex, i s  assumed f o r  a l l  s t a g e s  (Rudd, 1976) In accounting 
e x p l i c i t l y  f o r  the  b io lo g ic a l  i n f l u e n c e ,  we assume a 13 pe rcen t  con­
t r o l  per  s ta g e  as th e  n a tu r a l  m o r t a l i t y  and an a d d i t io n a l  17 percen t  
as  th e  PP e f f e c t .  This  a l lows a tw en ty - fo ld  i n c re a se  in  larva popula­
t i o n  l e v e l s  when b io lo g ic a l  con t ro l  measures a re  a v a i l a b l e  and an 100 -  
f o ld  in c r e a s e  a f t e r  p e s t i c i d e  has e l im ina ted  many p red a to rs  and
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p a r a s i t e s .
The PP e f f e c t  on th e  c a t e r p i l l a r ,  which i s  n o n - l i n e a r  because  of  
t h e  feed ing  c a p a c i t y ,  Cp o f  Eq. 3 - 3 ,  i s  here  assumed t o  be 10 i n s e c t s .  
In o r d e r  t o  o f f s e t  t h e  a f f e c t  o f  Cp on reducing  th e  b i o l o g i c a l  mor­
t a l i t y  even a t  low l e v e l s  o f  c a t e r p i l l a r  p o p u la t i o n s ,  we must i n c r e a s e  
t h e  PP m o r t a l i t y  from 17 to  20 p e r c e n t .
(3) Fecundity  -  Approximately 700 eggs a r e  produced by each f e ­
male moth. We assume a sex r a t i o  o f  1:1 and d i s t r i b u t e  t h e  r a t e  of  
egg l a y in g  by th e  p o s i t i v e l y  skewed d i s t r i b u t i o n  g iven  by Greene 
(F igu re  3 -1 4 ) .
(4) Control -  I n s e c t i c i d e  c o n t ro l  i s  assumed e f f e c t i v e  o n ly  f o r  
t h e  l a r v a l  s ta g e s  (Herzog, 1975). I t  i s  i n d e f i n i t e  whether  th e  eggs 
and moths a r e  e f f e c t e d ,  bu t  i t  i s  f e l t  t h a t  pupa a r e  n o t  because  o f  
t h e i r  l o c a t i o n  underground.
The r e s u l t s  f o r  the  numerical s o lu t i o n  o f  th e  VBC p o p u la t io n  
equa t ion  i s  shown in  Figure 3-15 a long with  th e  r e s u l t s  o f  pub l ished  
models u s ing  a s i m i l a r  d a ta  base .  Because th e  PP i n t e r a c t i o n  r e s u l t s  
in  a n o n - l i n e a r  d i f f e r e n c e  equ a t io n  i t  i s  d i f f i c u l t  t o  de term ine  
numerical s t a b i l i t y  except  by s im u la t io n  with v a r io u s  d i s c r e t i z e d  
t ime and age inc rem en ts .  We c a n ,  however, conclude s t a b i l i t y  based 
on th e  comparison o f  r e s u l t s  w ith  t h e  o t h e r  models (F igu re  3 -1 5 ) .  
These o t h e r  models do not i n c o r p o r a t e  sp e c ie s  i n t e r a c t i o n s .  F igure  
3-16 r e p r e s e n t s  model r e s u l t s  w i th  i n i t i a l  c o n d i t i o n s  (F igu re  3-17)  
t h a t  s a t i s f y  VBC pop u la t io n  d a t a  i n  t h e  Ransom v a r i e t y  o f  soybean 
(Herzog, 1975). Two l e v e l s  o f  t h e  PP growth r a t e  a r e  s im u la te d .
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Comparison o f  V e lv e t  Bean C a t e r p i l la r  Model w ith  P u b lish e d  Model 
R e su lts :  ( 1 - 1 - 1 )  S to c h a s t ic  Model R e su lts  o f  Menke (1 9 7 3 );
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Estimat ion,  o f  a p p ro p r ia te  i n i t i a l  co n d i t io n s  i s  d i f f i c u l t  because 
o f  sampling n o ise  and the  use o f  l a b o ra to ry  r a t e  c o e f f i c i e n t s .  Figure  
3-18 shows th e  u n c o n t ro l le d  popu la t ion  with t h e  i n i t i a l  co n d i t io n s  o f  
Figure 3-17 .  The d e n s i ty  o f  the  c a t e r p i l l a r  in l a t e r  per iods  o f  the  
season may be u n r e a l i s t i c  s in c e  d im in ish ing  food sources  and d e c re a s ­
ing tem pera tu re  reduces f e c u n d i ty  and in c re a se s  m o r t a l i t y .  But,  as 
to  be po in ted  ou t  in  th e  development of t h e  p l a n t  model,  t h i s  l a rg e  
popu la t ion  does not  a f f e c t  p r e d ic t e d  y i e l d s .
PREDATOR-PARASITE (PP) COMPLEX
The soybean ecosystem i s  a h ighly  complex system o f  i n t e r a c t i o n s  
between s p e c i e s .  The v e lv e t  bean c a t e r p i l l a r  i s  s t r o n g l y  in f luenced  
by b io lo g ic a l  con t ro l  agen ts  in  the  f i e l d .  Though we c a n ’t  d e f in e  
a l l  th e  PP components we s im u la te  a dynamic complex. We assume t h a t  
the  PP complex i s  no t  a fu n c t io n  o f  the  VBC p o p u la t io n ,  because of  
a l a r g e  number o f  a l t e r n a t i v e  hos ts  a v a i l a b l e  to  th e  PP complex.
Our main i n t e r e s t  i s  in  the  e f f e c t  o f  i n s e c t i c i d e  uses  on the  
PP complex and t h e  r e s u l t i n g  e f f e c t  o n ' t h e  VBC p o p u la t io n .  The SGSB 
i s  assumed independent  of  th e  PP complex.
To r e p r e s e n t  th e  PP complex we e l e c t  to  use th e  l o g i s t i c  e q u a t io n ,
0z8 (T) N.-ZgCT)
ar—  ■ rz8(T) (— r — > - u(T) zs (T)
which when normalized y i e l d s ,
1 d z g ( t )

























10 20 30 40 50 6 0 70 80
Time (days)
F igure 3 -18
P op u la tion  V e lv e t Bean C a te r p il la r  w ith  I n i t i a l  C on d ition s o f  F igure 3 -1 7 . (n o te  s c a le  change)
cn
66
where r  i s  t h e  n e t  r a t e  o f  p o p u la t io n  growth, N i s  th e  maximum pop­
u l a t i o n  t h e  environment  can s u s t a i n  and u i s  t h e  f r a c t i o n  o f  p opu la ­
tion c o n t r o l l e d  fay i n s e c t i c i d e s .  We reason t h a t  i f  i n s e c t i c i d e  i s  
a p p l i e d ,  we d im in ish  t h e  p o t e n t i a l  f o r  b io lo g ic a l  con t ro l  and t h e  
m o r t a l i t y  r a t e  f o r  t h e  v e l v e t  bean c a t e r p i l l a r  d ec re a se s  (Eq. 3 - 3 ) .
The r a t e  a t  which t h e  PP complex recovers  from chemical c o n t r o l  
i s  dependent  on r .  Because t h i s  v a lu e  i s  e s s e n t i a l l y  unknown q u an t ­
i t a t i v e l y ,  we experiment  with  l i m i t i n g  v a lu e s .  F igures  3-16 and 3-19 
show t h e  e f f e c t  o f  two PP growth r a t e s  on the  VBC popu la t ion  a f t e r
a p p l i c a t i o n  o f  99% c o n t r o l .  With t h e s e  growth r a t e s  we s im u la te  a PP 
complex which can e i t h e r  re co v e r  r a p i d l y  a f t e r  c o n t r o l ,  r  equal 1 . 3 ,  
o r  cannot  re c o v e r  a t  a l l ,  r  equal z e ro .
SOYBEAN PLANT MODELS
I t  i s  f e l t  t h a t  t h e  use o f  a soybean p l a n t  model i s  im p o r t a n t  be­
cause o f  th e  compensatory a b i l i t y  o f  t h e  p la n t  when i n s e c t  p e s t  f e e d ­
ing o c c u r s .  The soybean p l a n t  i s  found in  many v a r i e t i e s  where each 
d i f f e r  i n  such b a s ic  c h a r a c t e r i s t i c s  as f lo w er ,  pubesence and hilum 
c o l o r ,  bloom and m a tu r i ty  d a t e ,  seed s i z e  and q u a l i t y ,  and t h e  general  
s p a t i a l  d imensions  o f  a mature  p l a n t .  V a r i e t i e s  a l s o  d i f f e r  in  phy­
s i o l o g i c a l  s t a g e  p ro g re s s io n .  Tabel 3-4 l i s t  v a r io u s  s t a g e s  o f  soy­
bean p l a n t  development.  For i n s t a n c e ,  th e  d e t e r m in a te  v a r i e t i e s  p ro­
ceed s t a g e -w i s e  through v e g a t a t i v e ,  bloom, p o d se t  and p o d f i l l .  The 
in d e t e r m in a t e  v a r i e t i e s  f i l l  pods and bloom th roughou t  th e  p o d f i l l i n g  
s ta g e  o f  development.  Only t h e  d e t e rm in a te  v a r i e t i e s  a re  grown in  the  
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Table 3-4
Descr ip t ion  o f  Plant  
Developmental Stages (Fehr ,  e t .  a l . ,  1971)
Vegata t ive  Stages
VI Unrolled l e a f  a t  u n i f o l i o l a t e  node
V2 -  VN 2 to  N nodes on p l a n t ' s  main stem
Reproduct ive Stages 
R1 1 flower  a t  any node
R2 Flower a t  node below uppermost node w i th  a completely un­
r o l l e d  l e a f .
R3 Pods a p p ea r— pod .5cm long a t  one o f  f o u r  uppermost nodes
(comple te ly  unro lled  l e a f )
R5 Beans beginning  to  develop
R6 Pod of  t h e  fo u r  uppermost nodes with  completely u n ro l l e d
l e a f  c o n t a i n s  a f u l l  s i z e  green bean 
R7 Pods y e l low ing  and h a l f  o f  leaves  y e l lo w .
Phys io log ica l  m a tu r i ty  
R8 95%  pods brown. Harvest  m a tu r i ty
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In t h e  South th e  d e te r m in a te  v a r i e t i e s  a r e  p la n ted  in  th e  s p r in g .  
A f te r  p l a n t i n g  t h e r e  i s  a s h o r t  per iod b e f o re  p l a n t  emergence,  which 
i s  fo l lowed  by a two month p e r io d  o f  v e g a t a t i v e  development.  Blossoms 
deve lop  a t  th e  end o f  t h i s  p e r i o d .  Podset  begins  app rox im ate ly  s i x t y  
days p r i o r  to  h a rv e s t  in  Dare and n in e ty  in  Lee. When p o d se t  beg ins ,  
t h e  p o d ' s  r a t e  o f  accumula t ion  o f  m a t te r  i s  exponen t ia l  w h i le  new l e a f  
development almost  h a l t s .  The stem weigh t  peaks and when t h e  pods a r e  
f u l l  t h e  leav es  senesce  and d rop  from th e  p l a n t .  The beans a r e  normally 
a l lowed t o  dry in  th e  f i e l d ,  f a c i l i t a t i n g  h a r v e s t i n g  and e l im in a t in g  
th e  c o s t  o f  d ry ing  th e  beans w i th  h e a t e r s ,
Jensen  (1974) monitored  t h e  growth o f  t h e  Dare v a r i e t y  by 
c o l l e c t i n g  pod weigh t ,  stem w e ig h t ,  l e a f  weight  and l e a f  a r e a  th roughout  
th e  s e a so n .  The d a ta  i s  p r e se n te d  in Figure  3-20.
I t  i s  i n t e r e s t i n g  to  n o te  th e  ab rup t  manner in  which th e  p la n t  
responds  i n  t ime.  I t  i s  as i f  t h e r e  e x i s t s  a mechanism w i t h i n  the  
p l a n t  which a lmost  i n s t a n t a n e o u s l y  s ig n a l s  t h e  p ro g res s io n  from one 
developmental  s tag e  t o  th e  n e x t ,  such as  t h e  p ro g res s io n  from l e a f  to  
pod development.  Length o f  d a y l i g h t  i s  commonly assumed t o  be the  
p l a n t ' s  gu ide .  The p l a n t  i s  a p p a re n t ly  aware o f  t h e  p o in t  o f  d im in ish ­
ing r e t u r n  in  t h e  product ion  and m ain ta inance  o f  a l e a f  canopy. Em­
p h a s i s  on dry  m a t te r  development  s h i f t s  toward t h e  p ro d u c t io n  o f  pods 
and,  t h e r e f o r e ,  t h e  beans .  Stem weight r e a c h e s  a peak and th en  d e c re a s ­
es a s  t h e  r a t e  of  pod growth reaches  i t s  peak.  I f  d e f o l i a t i o n  occurs 
i t  r ed u ces  th e  r a t e  o f  p h o to sy n th e s i s  and ,  t h e r e f o r e ,  t h e  a s s i m i l a t e  
a v a i l a b l e  t o  th e  pods. W.G. Rudd (1975) , w i th  t h e  d a ta  c o l l e c t e d  by 
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of  soybean. The soybean dynamics model i s  d e t e r m i n i s t i c a l l y  based on 
one y e a r ' s  growth d a t a .  Though such ex te rna l  f a c t o r s  as w ate r  s t r e s s ,  
s u n l i g h t ,  t em pera tu re  and r a i n f a l l  w il l  a l t e r  p r o d u c t iv i t y  and per­
haps s ta g e  t im in g ,  we neg lec t  t h e s e  f a c to r s  because of  t h e  l ack  of  
d a t a  and theo ry .
The o r ig i n a l  p l a n t  model i s  a d i s c r e t e  d i scon t inuous  model des- 
c r i b a b l e  only by a s e r i e s  o f  l o g i c a l  s teps  and a r i th m e t i c  m an ipu la t ions .  
Appendix I I I  p r e s e n t s  t h i s  model. Because t h i s  model i s  no t  phrased 
in  cont inuous  t e rm s ,  we modify t h e  equations  i n to  a s imultaneous s e t  
o f  continuous o rd in a ry  d i f f e r e n t i a l  e q u a t io n s .
At l e a s t  two approaches can be used to  o b ta in  a t r a c t a b l e  model.
One i s  t h e  approximation in t h e  l i m i t  approach where f i n i t e  corners  
a r e  desc r ib ed  by i n f i n i t e  f u n c t io n s .  I n s t e a d ,  we employ th e  Fermi 
f u n c t i o n ,
F“  ^  "  1 + txp (+Aw)
where A i s  a c o n s t a n t  which de termines  th e  approximated s t e p  f u n c t io n ' s  
s lo p e .  The u n i t  s t e p  i s  used as a m u l t i p l i e r  o f  the  p l a n t  dynamics 
a t  every  p o in t .
S ince  we s im u la te  the  o th e r  components o f  th e  system from podset  
t o  h a r v e s t ,  we w r i t e  our p la n t  model f o r  th e  same per iod o f  t ime.  The 
d ry  stem weight  Zg in  grams per  f o o t  of  row i s  c a l c u l a t e d  by,
1 dz 5 fg
= n y t ,  -  t ) )  Dt -  F - c y t ,  -  t ) )
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F"(z5 -  z5max) •
(F-(D2z6 -  D-]) [Di(1 - D3) + DZD3Z6]
+ F+(D2z6 - D,)DZZ6 ) -  F ' t t j t ,  - t))F+(z5 - z ^ J D ,  
The combined bean and hull dry gram weight i s ,
-  t } )  F' (z5 -  z5max) <F'(Dzz6 - D]) 
[D-j(l -  D3 ) + D2D3Z6] + F+(D2z6 - D-|)D2z6}
+ -  t »  F+(Zg - Z ) 0, - z3 |
y = 1
and the dry leaf weight in grams per foot of row is  given by,
1 dz7 f 7 Ai^t E x P(-Atm(ti -  t ) )
= =‘D5 (1+ E x P t-A tj t ;  -  t ) ) ) 2
+ F-(tm(t l  -  t » )  -  z4 |
V = 1 •
We d e f i n e  th e  v a r i a b l e s  in  Table 3 -5 .  Because t h e  pod weight  beyond 
t h e  pod growth s to p p in g  t ime t-j i s  independent  o f  l e a f  a r ea  we e s se n ­
t i a l l y  ignore  i t s  dynamics p a s t  t h a t  p o i n t .
To so lv e  t h e  s im ul taneous  e q u a t io n s  we employ a f i r s t - o r d e r  d i f ­
f e r e n c e  approx im a t ion .  Upon i n t e g r a t i o n  we o b ta in  th e  r e s u l t s  p re sen ted
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Table 3-5
D e f i n i t i o n  o f  Terms in Soybean P la n t  Model
A C o e f f i c i e n t  o f  Fermi approximation
c-|,C2 Gram/day SGSB and VBC feed ing
D-j Dry w e igh t  product ion
= F ' C D y  -  z 7 ) (E-j +  E 2  z 7  +  E3  Z y )
+ f+(D7 -  z 7)E4n  -  Exp (-EgZ7)>
D2 Rate a t  which pods can f i l l
D3 Constant  which c o n t r o l s  the  r a t e  a t  which
dry m a t t e r  can l e a v e  t h e  stem 
D^ Product  o f  i n i t i a l  ( t  = 0 ) l e a f  w e ig h t ,  and
r a t e  a t  which th e  l e a v e s  s en esce .
Dy  A c o n s t a n t  l e a f  d ry  weigh t  a t  which d ry  weight  p roduc t ion
changes from an exponen t ia l  t o  q u a d r a t i c  f u n c t io n  o f  l e a f  
weight
E i Q u a d r a t i c  c o e f f i c i e n t s  f o r  dry  w e igh t  p roduc t ion  
Et = .054 x E4  
E2 = .4778 x E4 x F/GAREA 
E3 = -  .0623 x E4  x (F/GAREA) 2 
E4 Maximum p h o to s y n th e t i c  r a t e





Table 3-5  (Continued)
E5 = .91435 x F/GAREA 
Surface  area per gram l e a f  
F = 215 cm2/g
Ground a rea  per f o o t  row, cm2 
Time o f  growth la p se  
Maximum stem weight
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in F igure  3-20,  along w i th  the  d a t a .  The Lee v a r i e t y  model i s  f i t t e d  
to t h e  same da ta  a f t e r  a necessary s c a l in g  o f  t h e  time a x i s .
Because the purpose of employing th e  soybean p la n t  dynamics i s  to  
e v a lu a te  th e  crop y i e l d  more ex a c t ly  as a r e s u l t  o f  pes t  damage, we 
v a l i d a t e  th e  model f o r  the  form o f  p e s t  damage encountered .  In t h i s  
r e se a r c h  we look only  a t  i n sec ts  which a f f e c t  t h e  p la n t  by feed ing  on 
th e  f o l i a g e  or pods.
P lan t  Response t o  Depodding
When pods are  removed, the photosyntha te  and n i t r i f i c a t i o n  
products  intended f o r  them from neighboring leav es  a re  t r a n s l o c a t e d  
to o th e r  nearby pods, u s u a l ly  those  lower on th e  stem (Caldwell ,  1973). 
Data (Herzog, 1974) demonstra tes  t h i s  e f f e c t  fo r  f i e l d  p l o t s .  Where 
pod damage i s  high t h e  remaining beans are  h e av ie r  than in  p l o t s  
where no damage o c c u r s .  This i s  j u s t  one way in which th e  p l a n t  
compensates for  l o s s .
t h e  r e s u l t s  of  mechanical depodding by Thomas, Ig n o f f ,  e t .  a l . ,  (1974)- 
The soybean v a r i e ty  w i th  which Thomas e t .  a l . ,  removed pods i s  Clark 
63, an inde te rm ina te  v a r i e t y  o f  m a tu r i ty  group IV, an 
e a r l y  m ature r .  We remove from our Dare and Lee v a r i e t i e s  pod weight 
s t a t e  v a r i a b l e ,  weight  e q u iv a len t  t o  th e  f r a c t i o n a l  depodding p re se n t ­
ed in  t h e  f i e l d  exper iment .  Figure 3-21 p resen ts  the  f i e l d  and model 
r e s u l t s  f o r  Dare. The g r e a t e s t  d e v ia t i o n  i s  f o r  e a r ly  season com­
p l e t e  depodding,  an u n r e a l i s t i c  s i t u a t i o n  when d e a l in g  with  th e  in s e c t  
spec ies  s tu d ie d .
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D efo l i a t io n  i s  even harder  to  d esc r ib e  in terms o f  q u a n t i t a t i v e  
lo ss  than i s  depodding because o f  i t s  i n d i r e c t  e f f e c t  on bean produc­
t i o n .  Photosynthes is  produces a product  which i s  t r a n s l o c a t e d  to  the  
r o o t s ,  stems and pods. Until th e  l e a f  i s  g r e a t e r  than h a l f  i t s  mature 
s i z e  i t  demands dry  m a t t e r .  A f te r  then ,  th e  leaves  produce a net  
gain in a s s im i l a t e  and begin support ing  the  needs o f  o th e r  p la n t  
p a r t s .
Leaf d e f o l i a t i o n  i s  assumed independent o f  l o c a t i o n .  We remove 
weight  e q u iv a le n t  to  l e a f  a rea  as exper im en ta l ly  done by Kalton,  Weber 
and E ld r ig e  (1949). Figure  3-22 p resen ts  t h e  percen t  of  expected y i e l d  
a f t e r  d e f o l i a t i o n .  In almost  a l l  cases  the  model appears l e s s  s e n s i ­
t i v e  than th e  p l a n t  t o  d e f o l i a t i o n .  This i s  be l ieved  to  be the  r e ­
s u l t  o f  t h e  d i f f e r e n t  v a r i e t y  plan ted  by Kalton.  The l e a f  a rea  i s  
much g r e a t e r  in th e  Southern v a r i e t i e s ,  and as a r e s u l t ,  th e  reduc t ion  
in p o t e n t i a l  y i e l d  i s  l e s s  s e n s i t i v e  t o  the  magnitude o f  d e f o l i a t i o n .
SUMMARY
In t h i s  c h ap te r  we develop and where p o s s ib le  v a l i d a t e  the  
models o f  p a r t i c u l a r  components o f  th e  soybean ecosystem. The complex­
i t y  o f  th e  r ea l  system i s  th w a r t in g ,  however, f o r  th e  purpose o f  s tudy ­
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CHAPTER IV
SYSTEM OPTIMIZATION AND CONTROL
P r e s e n t l y ,  d e c i s io n s  f o r  t h e  c o n t ro l  by p e s t i c i d e s  o f  i n s e c t  p e s t  
p o p u la t io n s  a r e  based on a recommended "economic t h r e s h o l d " .  This  em­
p i r i c a l l y  ob ta ined  l e v e l  i s  a pop u la t io n  per  u n i t  a rea  which i s  be­
l i e v e d  t o  r e p r e s e n t  a s i g n i f i c a n t  t h r e a t  to  c rop  y i e l d .  There i s  d i f ­
f i c u l t y  in  i t s  use  w i th o u t  c o n s id e r a t i o n  o f  p l a n t  dynamics. For i n ­
s t a n c e ,  near  and a f t e r  th e  t ime th e  p l a n t ' s  y i e l d  i s  independent  o f  
l e a f  a rea  we should  ig n o re  d e f o l i a t o r s .  Also ,  i f  any damaging sp e c ie s  
m a in ta in  a po p u la t io n  j u s t  below th e  economic th r e s h o ld  dur ing  th e  
s eason ,  then t h e  damage may be g r e a t e r  than  i f  t h e r e  i s  only  a tempor­
a ry  p o p u la t ion  peak above t h a t  l e v e l .  Required f o r  b e t t e r  p e s t  manage­
ment p o l i c i e s  i s  a procedure f o r  e s t im a t in g  t h e  t im e-dependent  damage 
p o t e n t i a l  a measured f i e l d  po p u la t io n  may be cap ab le  of  i n f l i c i t i n g .
We approach the  p e s t  management problem through th e  use o f  sim­
u l a t i o n  and o p t i m i z a t i o n .  Given e a r ly - s e a s o n  f i e l d  d a t a ,  we hope to  
be a b le  t o  de te rm ine  th e  a p p r o p r i a t e  p e s t i c i d e  p o l i c i e s  f o r  t h e  r e ­
mainder  o f  a season .
In t h i s  c h a p te r  we o b ta in  t h e  con t inuous  and d i s c r e t e  p e s t i c i d e  
p o l i c i e s  f o r  t h e  two s p e c i e s , t h e  Southern green s t i n k  bug (SGS8 ) and 
v e l v e t  bean c a t e r p i l l a r  (VBC), in  t h e  e a r l y  m a tu r ing  Dare and t h e  l a t e r  
matur ing  Lee soybean v a r i e t i e s .  Bes t  and w ors t  cases  f o r  t h e  p r e d a to r -
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p a r a s i t e  (PP) complex growth r a t e  r  and soybean q u a l i t y  damage a re  
s t u d i e d .  We begin by d i s c u s s in g  th e  o b j e c t i v e  f u n c t io n .
OBJECTIVE FUNCTION
In g e n e r a l ,  the  t o t a l  q u a n t i t a t i v e  d e s c r i p t i o n  o f  economic ob­
j e c t i v e s  f o r  a c rop  ecosystem i s  beyond p r e s e n t  c a p a b i l i t i e s .  The d i f ­
f i c u l t y  l i e s  in  such i l l - d e f i n e d  areas  a s  th e  c o s t  o f  t h e  e f f e c t  o f  
p e s t i c i d e  on t h e  environment,  which in c lu d e s  such f a c t o r s  as t h e  "cos t"  
o f  chemical r u n o f f  i n t o  waterways,  the  poisonous p r o p e r t i e s  o f  p e s t ­
i c i d e  and th e  d e p o s i t i o n  o f  t h e  chemicals  in  animal t i s s u e .
The q u e s t io n  o f  a p p r o p r i a t e  c o s t s  i s  j u s t  as complex i f  we con­
s i d e r  t h e  a g r i c u l t u r a l  s e c t o r  a c losed  system.  Considering on ly  i n ­
s e c t  p e s t s ,  we must account  f o r  t h e  p o s s i b l e  l o s s  of  e f f e c t i v e n e s s  o f  
n a t u r a l  con t ro l  by p r e d a t o r s ,  p a r a s i t e s  and pathogens when i n s e c t i c i d e s  
a r e  a p p l i e d .
Another problem i s  in de te rm in ing  f o r  whom to  opt imize  the  
soybean p r o d u c t io n - - th e  in d iv id u a l  grower who d e s i r e s  a seasonal  
p r o f i t ,  growers o f  a reg ion  wherein a few would s u f f e r  f o r  the  good 
o f  t h e  m a j o r i t y ,  f o r  t h e  n a t i o n ,  or  perhaps  f o r  t h e  consumer. I f  
t h e  o p t im iz a t io n  o f  crop y i e l d  i s  cons ide red  on a reg ional  b a s i s  
we must account  f o r  p roduc t  supply  and demand and any r e s u l t i n g  
f l u c t u a t i o n s  in  crop v a lu e .  In no case  w i l l  s a t i s f y i n g  any one o f  
t h e  above s a t i s f y  a l l .
S ince  the  u l t i m a t e  o b j e c t i v e  o f  t h i s  work i s  a s tudy o f  t h e  
f i e l d  a p p l i c a b i l i t y  o f  t h e  methods,  we b e l i e v e  t h a t  our r e s u l t s  
must be a c c e p t i b l e  t o  both t h e  grower and th e  g row er 's  p e s t  
management c o n s u l t a n t .  I t  i s  ou r  approach,  t h e r e f o r e ,  t o  d e f in e
our  o b j e c t i v e  f o r  t h e  b e n e f i t  o f  t h e  i n d iv id u a l  g row er . We account  
f o r  t h o s e  p r o p e r t i e s  o f  t h e  system f o r  which we have d a t a ;  th e  c o s t  
o f  p e s t i c i d e  and i t s  a p p l i c a t i o n ,  and th e  va lue  of  beans produced.
Soybean Q u an t i ty  Reduc t ion
Two approaches  a r e  used to  d e s c r i b e  th e  soybean q u a n t i t y  reduc­
t i o n  or  l o s s .  In t h e  f i r s t ,  we c a l c u l a t e  t h e  q u a n t i t y  l o s s  in  weight  
by i n t e g r a t i n g  t h e  p ro d u c t  o f  t h e  i n s e c t  p o p u la t i o n  and i t s  pod feed ing  
r a t e .  Th is  y i e l d s  t h e  cum ula t ive  w e ig h t  r e d u c t i o n  p o t e n t i a l  o f  the  
d epodder .  This  approach  can a l s o  be s u c c e s s fu l  when d e a l in g  w i th  de­
f o l i a t o r s  when a q u a n t i t a t i v e  c o r r e l a t i o n  between f e e d in g  r a t e  and
y i e l d  r e d u c t io n  i s  a v a i l a b l e .  The mathematica l  e x p r e s s io n  f o r  t h e  pod
f e e d in g  process  i s  g iven  by
f  f  D(y) z -i ( t  ,y )  dydt  4-1
t  y 1
Average Weight P r i c e  per
D Cy) = o f  x Pound x z
soybean Soybean S tages
Bean Rate  o f  P e rc e n t  SGSB
/ Reduc t ion  x A t t a c k ,  Per  \
A b i l i t y  by Beans Per  S tage
S tag e  Day
The p e r c e n t  o f  bugs p e r  s t a g e  i s  g iven  by t h e  I ^ ' s  o f  Eq. 2 - 8 ,  w h i le  th e  
bean w e igh t  r e d u c t i o n s  a r e  compiled in  Table 3 - 1 .  We c a l l  t h i s  cumula ti  
f e e d in g  p o t e n t i a l  D t h e  damage f u n c t i o n .  The assumption t h a t  d a i l y  
damage by i n s e c t s  a t  a g iven  age i s  s im ply  p r o p o r t i o n a l  t o  t h e  popula­
t i o n  a t  t h a t  age i s  based  on a v a i l a b l e  f e ed in g  d a t a  and i s  d e t e r m i n i s t i -  
c a l l y  j u s t i f i e d .  We a l s o  assume t h a t  t h e  soybean p l a n t  does n o t  com­
p e n s a te  f o r  seed damage by adding more pods o r  growing l a r g e r  beans .
To in c lu d e  t h e  compensat ing r e s p o n s e  o f  t h e  soybean p l a n t  we em-
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ploy the  Rudd-Jensen p lan t  model descr ibed  in Chapter I I I .  Here the  ob­
j e c t i v e  f u n c t io n  depends upon th e  f in a l  y i e l d  from the  simulated p l a n t .  
Loss due to  pod feeding i s  p a r t i a l l y  compensated f o r  by the p lan t  
through cont inued  photosynthes is  or the  use o f  s to red  dry m a t t e r ,  de­
pending on the  s tage  o f  p l a n t  development.  The y i e l d  per foot  o f  row 
may be simply s t a t e d  as the  product  o f  t h i s  f i n a l  bean weight Zg and 
th e  d o l l a r  va lue  of  soybean by weight .  We express  t h i s  as
e z H t  = 1
where 6 i s  t h e  p r ic e  per gram dry pod weight
Bean weight x Bushels x P r ice
Total  Pod Weight Gram Beans Bushel
For t h i s  c a l c u l a t i o n  we use th e  commonly found f a c t o r  o f  .7 for  the  
r a t i o  of  bean weight  to  pod weight .
Q ual i ty  Reduction
Damage by pod feeders  d i r e c t l y  a f f e c t s  t h e  q u a l i t y  o f  soybean 
(Duncan, 1968). Because o f  t h i s  damage p o te n t i a l  t h e  p r ic e s  paid f o r  
soybeans a re  d iscounted  a t  a r a t e  p ropor t iona l  to  1/4 o f  the  ac tua l  p e r ­
centage of  damaged seed. Several  s t a t e s  fo llow t h i s  p r ic in g  procedure ,  
but  even w i th in  a s t a t e  a l l  soybean buyers d o n ' t  un iform al ly  deduct  f o r  
q u a l i t y  damage. For i n s t a n c e ,  in Louis iana two y ea r s  ago a l l  buyers de­
duc ted ,  but  l a s t  year  only one did so. We f e e l  t h a t  t o  analyze the  
c o s t  o f  p e s t  damage to  a grower we must s tudy t h i s  p o s s i b i l i t y .
The r e l a t i o n  between popu la t ion  level  and q u a l i t y  reduct ion  we 
use i s  t h e  one developed in  Chapter  I I I ,  F igure  3-4.  The co n t r ib u t io n  
to  the  o b j e c t i v e  func t ion  in  terms o f  th e  normalized v a r i a b le s  i s  
then
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B Qrz6(t) /  f  Etyjz-^t.y) dydt 
t  y
Or we can r e s t a t e  t h i s  express ion  as
where
y =
z 9( 0 ) = 0
4-3
4-4
a z i o ^ y )
= f 10  = ymE(y)z-, ( t ay) z 1 0 ( t , 0 )  = 0 4-5
Qr  i s  th e  f r a c t i o n a l  d i sco u n t  due to  seed q u a l i t y  damage. We express  
E(y), t h e  age-dependent puncture  r a t e ,  as
Data f o r  E(y) a re  l i s t e d  in Table 3-1 .
Control Costs
Control c o s t s  inc lude  the  c o s t  of  p e s t i c i d e  and i t s  a p p l i c a t i o n .  
Methyl para th ion  i s  a common p e s t i c i d e  f o r  a p p l i c a t i o n  to  th e  SGSB and 
VBC. For a cont inuous p e s t i c i d e  p o l ic y  we must be ab le  t o  d e sc r ib e  on 
a continuous b a s i s  th e  amount o f  p e s t i c i d e  r eq u i red  f o r  a s p e c i f i c  
f r a c t i o n  k i l l e d .  We accomplish t h i s  through an approximation of  da ta  
{Jensen, 1972) by a q u a d ra t i c  f i t  between f r a c t i o n a l  k i l l  and the 
q u a n t i t y  of  p e s t i c i d e  (F igure  4 - 1 ) .  Approximately o n e -h a l f  pound o f
E(y) = l
s tages
average number of  
Nj x punctures  per  
SGSB by s tage
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methyl p a r a t h i o n  i s  r e q u i r e d  per  a e re  t e r  ft QQt y e n t ro i  of  VdSp ft",I VPi 
The normal recommendation f o r  t h e  c o n t ro l  o f  VBC i s  1/4 pound o f  methyl 
p a r a th io n  per  a c r e .  Because t h i s  d a ta  i s  l a b o r a t o r y  o b ta in e d  and no f i e l d  
d a t a  i s  a v a i l a b l e  on the  r e l a t i v e  s u s c e p t i b i l i t y  of the SilSB ,md YIU'
to  p e s t i c i d e ,  we assume t h e  same e f f e c t i v e  c o n t ro l  r a t e  f o r  both s p e c i e s  
(F ig u re  4 - 1 ) .  S i g n i f i c a n t  d i f f e r e n c e  in c o n t ro l  p o l i c i e s  i s  no t  b e l i e v e d  
t o  be in t ro d u c e d  as a r e s u l t .  The c o s t  o f  c o n t r o l  i s  de termined  by
.5
m eth y l p a r a th io n
0
1000 P e r c e n t  I n s e c t  K i l l
F i g u r e  4-1
A p p r o x i m a t i o n  t o  I n s e c t i c i d e  E f f e c t
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f  f  R(y)u2 ( t , y )  dydt  
o o
where
Chemical Acres per  Pounds n e c e s sa ry
R(y) = Cost  p e r  x Foot row x f o r  99% k i l l  p e r  4-6
Pound ac re
The c o s t  o f  a p p l i c a t i o n ,  a d i s c o n t in u o u s  s t e p  f u n c t i o n ,  can be a p p ro x i ­
mated by t h e  Fermi e q u a t i o n ,
)  A
f  _____ £  d t  4-7
0 1 + Ac Exp (-A2 U ( t ) )
where A^ i s  t h e  c o s t  o f  a p p l i c a t i o n .  Ac and A2 a r e  c o n s t a n t s  which ad­
j u s t  t h e  s lo p e s  o f  t h e  s t e p  f u n c t io n  app rox im a t ion .  We can c o n s id e r  
1 A
/  -E L  a s  t h e  c o s t  o f  s easona l  p e s t  su rv e y s .  Typica l  c o n t r o l  c o s t s  a re  
o 1+AC
$ 2 .5  p e r  a c r e  o f  which $1 i s  f o r  p e s t i c i d e  and $1 .5  i s  t h e  f i x e d  c o s t  
o f  c rop  d u s t i n g / s p r a y i n g .
RESULTS
S in c e  t h e  SGSB i s  perhaps  t h e  most damaging p e s t  o f  soybean p ro­
d u c t i o n  we beg in  our  p e s t  management s tudy  by d e te rm in in g  t h e  optimal  
c o n t in u o u s  p e s t i c i d e  p o l i c i e s  f o r  t h i s  i n s e c t  a lo n e .  The system e q u a t io n ,  
Eq. 3 - 5 ,  can be o p t im ized  w h i le  minimizing the  combined c o s t s  o f
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p o te n t i a l  pod punctures  and p es t  con t ro l  by p e s t i c i d e .  The o b je c t iv e  
funct ion  i s  then
1 1 ?IP = /  /  ( D { y ) z , ( t Jy) + R{y) u ( t ,y ) )  dydt  4-8
o o
where th e  v a r i a b l e s  a re  as  p rev ious ly  de f ined  in Eqs. 4-1 and 4 -6 .  Ap­
plying the  der ived  equa t ions  f o r  the  minimum p r i n c i p l e ,  Eqs. 2-24, we 
obta in  the  s t a t e  and c o s t a t e  equations
3Z*| t|^ dZ
TE 37 '  W l  -  V1 '  kl> z l u + V ^ l r e f  '  Z1 >
aPl ^  3P1
3t  ym &y ~ -  q - u ) P-j -  D 4-9
and t r a n s v e r s a l i t y  co n d i t io n s
z- | (0 ,y) = z-j (y0 )
1
( t , 0 )  = ym /  Bz-j dy 4-10
o
Pi (i ,y) = o 
p1 C t , i )  = o
The con tro l  po l icy  der ived  from th e  necessa ry  c o n d i t i o n ,  aH/au, i s  then
u C"t»y) = ^  J 0  -  k-|) z-| ( t , y )  P ^ t . y )
This con t ro l  po l icy  i s  p ropor t iona l  t o  t h e  number o f  c o n t r o l l a b l e
i n s e c t s ,  z i ( t , y ) ,  and i n v e r s e l y  r e l a t e d  t o  t h e  u n i t  c o s t  o f  p e s t i c i d e  
R. For th e  SGSB we o b ta in  t h e  c o n t ro l  p o l i c i e s  in F igures  4-2  and 
4 - 3 ,  f o r  im migra t ion  c o e f f i c i e n t s  o f  0 and O.Olz-j ( 0 , y ) ,  r e s p e c t i v e l y .  
The p o l i c i e s ,  which do no t  acco u n t  f o r  t h e  c o s t  of  a p p l i c a t i o n ,  r e ­
s u l t  in SGSB p o p u la t i o n s  in  F ig u re s  4-4 and 4 - 5 .  P e s t i c i d e  and soy­
bean c o s t s  o f  $4 per  pound and $8 .5  b u s h e l , r e s p e c t i v e l y ,  a r e  used.
We assume th e  c o n t r o l  c o s t  R(y) i s  even ly  d i s t r i b u t e d  over  i n s e c t  de­
velopmental  s t a g e s .
In both c a s e s  t h e  optimal  p o l i c y  i s  t o  c o n t r o l  th e  a d u l t s  a l r e a d y  
in  t h e  f i e l d ,  t h e n  tak e  a c t i o n  a g a i n s t  t h e  newly l a i d  e g g s ,  which can 
l a t e r  become d e s t r u c t i v e  i n s e c t s .  We then  c o n t r o l  t h e  rem ain ing  nymphs. 
We n o te  t h a t  toward th e  end o f  t h e  season a l l  c o n t r o l s  a r e  r e l a x e d ,  
s i n c e  young nymphs pose l i t t l e  f u t u r e  t h r e a t  t o  th e  crop  which w i l l  
soon be h a r v e s t e d .  When we a l l o w  im m ig ra t io n ,  th e  c o n t ro l  l e v e l s  to  
an e q u i l i b r iu m  v a l u e .  This  e q u i l i b r i u m  i s  a r e s u l t  o f  t h e  d r i v i n g  
f o r c e  f o r  im m igra t ion  be ing a f u n c t io n  o f  t h e  f i e l d  p o p u la t i o n  d e n s i t y .
To b e t t e r  r e p r e s e n t  a p r a c t i c a l  c o n t r o l  p o l i c y  we r e s t r i c t  
o u r  c o n t ro l  e f f o r t s  to  th e  4 th  and 5th i n s t a r s  and a d u l t  s t a g e .  There­
f o r e ,  t h e  e v a l u a t e d  co n t ro l  t r a j e c t o r y  i s  a f u n c t io n  o f  t ime o n ly .  
Control  a c t i o n  i s  d i s t r i b u t e d  t o  t h e  c o n t r o l l a b l e  s t a g e s  by t h e  age 
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F ig u re  4 -2
Continuous Control o f  SGSB w ith  Control
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Since  M i s  def ined  as  (Eq. 2-15)
M = y  - y . = 1''max J rm n
then
1 1 ?
IP = /  /  (Ru ( t )  + D(y)z-| ( t , y ) ) d y d t  4-11
o o
The r e s u l t i n g  co n t ro l  po l icy  and popu la t ion  are  d isp layed  in  Figures  
4-6 and 4 -7 ,  r e s p e c t i v e l y ,  f o r  no immigration.  The r e s u l t s  a r e  not  
much d i f f e r e n t  from those  a n t i c i p a t e d  given the  t r a j e c t o r i e s  o f  u ( t , y ) .  
They provide  f o r  co n t ro l  o f  th e  i n i t i a l  i n f l i g h t  then o f  th e  damage 
producers  once they  reach a c o n t r o l l a b l e  s t a g e .  Once aga in ,  t h e  con­
t r o l  p o l ic y  sugges ts  a d ec rease  in con t ro l  e f f o r t  as h a rv e s t  i s  ap­
proached.  Table 4-1 l i s t s  t h e  economic r e s u l t s  f o r  th e  above ca s e s .
To inc lude  a p p l i c a t i o n  co s t s  we in t ro d u ce  a s tep  change in  the  
o b j e c t i v e  fu nc t ion  f o r  any contro l  a c t i o n .  We do t h i s  by in t roduc ing  
Eq. 4 -6 .  Upon numerical c a l c u l a t i o n  o f  th e  optimum we find the  con t ro l  
po l icy  t o  tend to  a c o n s ta n t  va lue  of  m o r t a l i t y  between 0 and one per­
c e n t .  The c h a r a c t e r i s t i c s  o f  th e  Fermi equat ion  determine t h i s  value
which i s  e s t a b l i s h e d  near  the  ro o t  o f  th e  approximated s tep  func­
t i o n .  The weight  o f  th e  a p p l i c a t i o n  c o s t  does ,  t h e r e f o r e ,  s i g n i f i c a n t l y  
e f f e c t  t h e  continuous c o n t r o l .
Approaching th e  o p t im iza t ion  problem without  a p l a n t  model d i s r e ­
gards  t h e  compensatory a b i l i t y  o f  the  soybean p l a n t .  We now in t ro d u ce  
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F igure 4 -7
C o n tr o lle d  P o p u la tio n  Southern  Green S t in k  Bug
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Table 4-1
Damage By and Control o f  the  SGSB With 
The Objec t ive  Funct ion of  Eq. 4-11 
($8 . 5 / b u s h e l , $ 4 / lb  p e s t i c i d e ,  assuming a 47.45 b u s h e l / a c re  y i e l d )









No Damage 403.33 47.45 — —
No Control (q = 0) 376.14 44.25 27.19 —
Continuous Control 
(q = 0 , u ( t , y ) )
402.22 47.38 .59 .52
No Control 
(q = .Olz-j ( 0 ,y ) )
370.11 43.54 33.22 —
Continuous Control 
(q = .01  z-j ( 0 , y ) , u ( t , y ) )
401.25 47.29 1.36 .72
No Control (q = 0) 376.14 44.25 27.19 —
Continuous Control 396.82 46.92 4.53 1.98
(q = 0 , u ( t ))
Addit ion of  Soybean P la n t  Model
When th e  p la n t  model i s  in t ro d u ce d ,  the y i e l d  i s  determined in  ab­
s o lu t e  terms and th e  o b j e c t iv e  f u n c t io n  i s  expressed as a combination 
o f  f i n a l  pod weight  (Eq. 4 - 2 ) ,  soybean q u a l i t y  (Eq. 4-3)  and con t ro l  e f ­
f o r t s  (Eqs. 4-6 and 4 - 7 ) :
ip = -  wgCoj _  ̂ + eqrz6 tt)zg(t) |^   ̂ + f  (Ru2(t)
+ flP rrV& p*-A2u(t)')dt
96
o r  w i th  t h e  p re v io u s  a s su m p t io n s ,
IP = - sz5( t ) ( i  -  qrz9ct))| + /  /  (Ru2(t)
X “ 1 0 0
+ flP 1 + Ac Exp. C-A2u ( t ) )dydt
The e q u a l i t y  c o n s t r a i n t s
32] d z 5 dz8
3 t f l d t = f 5 cFT" ~
III = L& ■i d zq = f.






3y d t ay
3Z4
a y "  = f 4
and o b j e c t i v e  f u n c t i o n ,  Eq. 4 -1 2 ,  a r e  s u b s t i t u t e d  i n t o  Eq. 4 - 1 4 ,  y i e l d ­
ing t h e  c o s t a t e  e q u a t io n s  and normalized  c o s t a t e  e q u a t i o n s ,
-  V I  p3 -  yi»Ep10
3P t||| aPg
~ + p2 < v k2 + q2 ) + y 1 -  k2>(Si2u
J t "  = tm<p5 * P6>*1
dP6
i T  = V s '  p6> h
dPy
d t ”  = V p5 -  p6 ) *3 -  V s  F" « t i  -  t ) ^ )
dp8 1 k
a r  -  tm P2z2 )dy - V s ( r  -  U
dP9
S T  = 0
CP
aP-jO
= “ t mPQ ay m 9
and t r a n s v e r s a l i t y  c o n d i t i o n s .
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P ^ i p y )  = o P-, Ct. i )  = o
p20 . y )  = o P2 ( t , i )  = o
p3 ( t , i )  = o Ps ( i ) = o
P4 ( t , l )  = 0 P g f l )  = 3Qr  z 6
P5 O )  = 0  P1 0 ( t , 1 )  = 0
P6 (1)  = e(Qr z 9 -  i )
P7( l )  = 0
where a long  w i th  t h e  d e f i n i t i o n s  from Table  3 - 4 ,  t h e  f i ' s  a r e  d e f in e d  as
*i - n y t ,  - 1» [f-(D226 . Di)((1.
o
°3) D-j + d2d3z6^
+ F+(D226 -  Dl)D2z6] + F ' t y t ,  -  t ) )  | | f (2 5 -  W > D1
3(F"(DpZfi -  D,))
*2 = r c y t ]  -  t ) ) F ' ( z 5 -  z5max) c -jj— 2
o
((1 -  D3)Di + DgDsZg)
■J F (^2^0 — D-j) Dg + D2^3 F ^ 2 Z6 -  D]) 
a(F+(D-zfi -  Dt)]
+ D2z 6 1 J3Z^
3 (F “ CD2 z6 -  D-j) )
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]
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The gene ra l  e x p r e s s io n  o f  th e  n e c e s sa ry  c o n d i t i o n  f o r  an optimum 
i s  then
= 0 = 2Ru + P1 ( - t m( 1 -k-j) ku-j z ] )
+ P2 { - t m ( l “ k2 )kU2 z 2 )
" + ApAcA2 ExP ( - A2u ^ ^ 1+Ac Exp^ A2u ^ 2
Here th e  c o n t r o l  f u n c t io n  i s  p r o p o r t i o n a l  t o  t h e  c o n t r o l l a b l e  SGSB, VBC 
and PP p o p u l a t i o n s .  For t h e  remainder  o f  th e  r e s e a r c h  we assume Ap 
equal  z e r o .
The s e t  o f  e q u a t io n s  as  s t a t e d  above r e p r e s e n t  t h e  general  c a s e  
s t u d i e d  in  t h i s  r e s e a r c h .  We d i v i d e  t h e  s t u d i e s  i n t o  a s e t  o f  c a s e s  
which a r e  s t u d i e d  in d e p e n d e n t ly .  These a r e :  (1) t h e  VBC with PP com­
p l e x ,  (2)  t h e  SGSB a l o n e ,  and (3)  th e  SGSB, VBC and PP complex. We 
a l s o  c o n s i d e r  two v a r i e t i e s  o f  soybean ,  Dare and Lee,  f o r  each o f  t h e  
t h r e e  c a s e s  above.  Two l e v e l s  o f  q u a l i t y  r e d u c t i o n ,  0 and .25 ,  a r e  
s t u d i e d .  D i f f e r e n t  PP complex growth r a t e  v a lu es  r  and r a t i o s  o f  bean 
p r i c e  t o  p e s t i c i d e  c o s t  a r e  used .  I n i t i a l  c o n d i t i o n s  o f  th e  p o p u la t i o n s  
a r e  t h o s e  o u t l i n e d  in  F ig u re s  3-9 and 3 -17 .  We i n c l u d e  th e  c o n t r o l  
p o l i c i e s  and s e v e ra l  r e s u l t i n g  p o p u la t i o n  l e v e l s  i n  t h i s  c h a p t e r ,  b u t  
most c o n t r o l l e d  p o p u la t i o n s  a r e  p r e s e n te d  in  Appendix I .
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E f fe c t  of  Southern Green S t ink  Bug - Continuous Control
To ob ta in  th e  equat ions  which express  j u s t  th e  SGSB e f f e c t ,  we 
s e t  th e  VBC feeding  parameter  c 2 equal z e r o ,  thus  e l im in a t in g  i t s  i n ­
f lu e n ce  on crop p r o d u c t iv i t y .  The e f f e c t  of  th e  SGSB on the  crop y i e l d  
f o r  var ious  parameter  va lues  a re  l i s t e d  in Table 4 -2 .  We now d i s c u s s  
t h i s  t a b l e  in  connection w i th  the  a p p ro p r ia te  f i g u r e s .
Figure 4-8 d i sp la y s  th e  continuous SGSB contro l  t r a j e c t o r y .  I t  is  
i n t e r e s t i n g  to  compare t h i s  f i g u r e  with  Figure 4 -6 ,  where the  damage 
f u n c t io n  r a t h e r  than th e  p l a n t  model i s  used. With th e  p lan t  s im ula ted  
th e  i n i t i a l  con tro l  ac t io n  i s  l e s s ,  b u t  l a t e r  season SGSB con t ro l  g r e a t ­
e r .  The v a r i a t i o n  in e a r l y  season a c t io n  i s  due to  th e  compensating 
a b i l i t y  o f  t h e  p la n t  a f t e r  e a r ly  depodding. Without th e  p lan t  model,  
e a r l y  season feed ing  i s  as damaging as any l a t e r  season feed ing .  We, 
t h e r e f o r e ,  r e q u i r e  a h igher  level  o f  co n t ro l  near  h a rv e s t  because o f  
th e  l i n e a r  e f f e c t  o f  damage on y i e l d .
With both o b je c t iv e  fu n c t io n s  we f in d  a minimum in the con t ro l  
p o l icy  around day t e n .  This  i s  because o f  the  cyc le  in  which th e  SGSB 
i s  found, the  eggs and e a r l y  nymphs, which a re  uncontrol  a b le ,  a re  
t h e  bulk of  th e  f i e l d  popu la t ion .
The con t ro l  pol icy  when the  SGSB i s  on Lee (F igure  4-9) i s  much 
th e  same as when on th e  Dare v a r i e t y ,  however, t h e  i n i t i a l  con t ro l  in  
Lee i s  h igher  in  o rder  t o  e l im ina te  l a t e r  season popula t ion  peaks which 
do n o t  occur in  th e  Dare. The l a t e r  season control  s tays  a t  a s i g n i ­
f i c a n t  leve l  in  order  to  suppress  the  l a t e  season popula t ion  ( see  
Appendix I ) .
Damage by and Contro l  o f  t h e  SGSB 
($ 8 . 5 / b u s h e l » $ 4 /1 b p e s t i c i d e ,  1 /4  q u a l i t y  
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When we add q u a l i t y  red u c t io n  to  t h e  o b je c t iv e  fu n c t io n  we o b ta in  
th e  con tro l  p o l i c i e s  o f  F igures  4-10 and 4-9 ,  The c o n t r o l l e d  popula­
t i o n  in Dare i s  shown in F igure  4-11.
There i s  l i t t l e  a l t e r a t i o n  in the  con t ro l  t iming when the  poten­
t i a l  o f  q u a l i t y  reduc t ion  i s  added. There i s ,  however,  some a l t e r a t i o n  
in  th e  magnitude o f  the  co n t ro l  e f f o r t .  In both v a r i e t i e s  the  economic 
impact o f  th e  SGSB on q u a l i t y  i s  extremely s i g n i f i c a n t  (Table 4 - 2 ) .  I t  
becomes, t h e r e f o r e ,  important  t o  e l im in a te  th e  SGSB popula t ion  as soon 
as p o s s ib l e .  This exp la ins  t h e  mangitude in c rease  in con t ro l  on th e  
f i r s t  day.
S i m i l a r i t i e s  in  the  c o n t r o l l e d  popula t ion  f o r  t h e  two v a r i e t i e s ,  
where in Dare we account f o r  q u a l i t y  damage and in Lee we ignore
q u a l i t y  damage, i s  s t r i k i n g .  Even without  account ing f o r  q u a l i t y  
l o s s ,  we con t ro l  more in  Lee because o f  th e  p o s s ib le  in f lu en c e  o f  
l a t e r  g en e ra t io n s  of  the SGSB.
E f f e c t  of  Southern Green S t in k  Bug -  D isc re te  Cont r o l
The d i s c r e t e  c o n t r o l ,  a t  t h e  r a t e  o f  99% m o r t a l i t y  per a p p l i c a t i o n ,  
i s  economical ly  app l ied  on ly  once dur ing the  growing season (Table 4 - 2 ) .
This  a p p l i c a t i o n ,  as i n f e r r e d  from the  continuous r e s u l t s ,  i s  on the  
f i r s t  day p a s t  podse t .  The r e s u l t i n g  SGSB popula t ion  i s  shown in 
Figure 4-12.
In th e  Dare v a r i e t y ,  when two a p p l i c a t i o n s  a re  made, the  optimal 
t imes  f o r  a p p l i c a t i o n  are  on days 1 and 39. In Lee, they  a re  on days 
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icy  peaks of Figures  4-10 and 4 -9 .  But,  as in d ic a te d  e a r l i e r ,  two 
a p p l i c a t i o n s  do no t  produce a b e t t e r  o b j e c t iv e  func t ion  va lue .  To 
account  f o r  a p p l i c a t i o n  co s t  in  th e  d i s c r e t e  case  we simply s u b s t r a c t  
$1 . 5  per  acre  from th e  o b je c t iv e  fu n c t io n  f o r  each a p p l i c a t i o n .
E f f e c t  o f  Velvet Bean C a t e r p i l l a r  -  Continuous Control
To ob ta in  t h e  in f luence  o f  t h e  VBC on th e  soybean v a r i e t i e s  we s e t  
the  SGSB feeding r a t e  q  equal z e r o .  The economic r e s u l t s  of  th e
var ious  experiments  a re  o u t l in e d  in  Table 4-3 .
Figures  4-10 and 4-13 d i s p l a y  the  VBC cont inuous con t ro l  p o l i ­
c i e s .  In both c a se s  the  magnitude o f  control  i s  i n d i c a t i v e  o f  the  
magnitude of  damage th e  VBC i s  capab le  of (Table  4 -3 ) .  The contro l  
p o l i c y  tap e r s  to  ze ro  as day 35 i s  approached in Dare and day 50 in 
Lee. This i s  because ,  as p resen ted  in Chapter  I I I ,  th e  dependency of 
pod development on l e a f  area ends a t  these  t im es .  I t  i s  a l s o  f o r  t h i s  
reason  t h a t  we p l o t  the  VBC p o p u la t io n s  in  Lee only through the  per iod  
o f  50 days fo r  which they can a l t e r  y i e l d .
The VBC p o pu la t ions  in Dare and Lee a f t e r  continuous contro l  
demonstra te  the  PP e f f e c t  on th e  VBC when p e s t i c i d e  con tro l  i s  used.
A lower level  o f  co n t ro l  a t  day one fo r  a PP growth r a t e  o f  zero  (F igure  
4-13) i s  a r e s u l t  o f  the a b i l i t y  o f  p e s t i c i d e  to  dec rease  the  m o r t a l i t y  
o f  t h e  VBC by c o n t r o l l i n g  the PP p o p u la t io n .  Even though a g r e a t e r  
p e s t i c i d e  usage nea r  th e  f i n a l  days o f  VBC in f lu e n c e  on Lee could con t ro l  
i t s  exponential  growth, t h i s  emerging popu la t ion  i s  the e a r l y  l a r v a l  s t a g e s ,  
the  non-damaging p ro p o r t io n  o f  t h e  p o p u la t io n .  I t  i s  the  popula t ion  on 
the days immediately following day 50 in  Lee which have a la rg e  d e f o l i ­
a t i n g  p o t e n t i a l .  This  emphasizes t h e  advantage o f  p la n t in g  e a r ly  
matur ing  v a r i e t i e s  o f  soybean.
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Table 4-3
Damage by and Control  o f  t h e  VBC 
($ 8 . 5 / b u s h e l , $ 4 /1 b p e s t i c i d e ,  no a p p l i c a t i o n  c o s t )
IP
$ /a c r e
Yie ld  
b u s h e l / a c r e
Dare
Control




D e fo l -  
i a t i o n
%
Times 
A p p l i - 
c a t i o n
No Damage 403.33 47.45 — — —
No Contro l 402.36 47 .2 — — 10
Continuous Control 402.49 47.38 .15 0 6
Continuous Control 402.67 47.40 .14 1 .3 .4
S in g le  A p p l i c a t i o n 401.02 47.41 1.95 0 5 15
Two A p p l i c a t i o n s 399.25 47.43 3.90 0 3 6 , 17
S in g le  A p p l i c a t i o n 401.06 47 .42 1 .95 1 .3 4 14
Two A p p l i c a t i o n s 399.27 47.44
Lee
3.90 1 .3 1 5 ,  17
No Damage 403.50 — — — —
No Contro l 401.26 4 7 .2 — -------- 19
Continuous Contro l 401.82 47 .3 .42 0 15
Continuous Contro l 402.44 47 .4 .46 1 .3 3
S in g le  A p p l i c a t i o n 400.53 47.35 1.95 0 25 20
Two A p p l i c a t i o n s 399.34 47 .44 3 .90 0 3 12,  23
S in g le  A p p l i c a t i o n 400.86 47.39 1 .95 1 .3 9 17
Two A p p l i c a t i o n s 399.43 47 .45 3.90 1 .3 1 7 ,  21
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E f fe c t  of  Velvet Bean C a t e r p i l l a r  -  D isc re te  Control
The d i s c r e t e  con t ro l  o f  99% o f  the  VBC l a r v a  occurs on days d e t e r  
mined by th e  v a r i e t y  and th e  PP growth r a t e  r .  In Dare the  b es t  app l i  
c a t i o n  times fo r  th e  PP growth r a t e s  of  zero and 1.3 are  days 15 and 
14, r e s p e c t i v e l y .  In Lee they a re  days 21 and 18, r e s p e c t i v e l y .
L a te r  a p p l i c a t i o n  times, a r e  r e q u i r e d  when r  i s  zero because o f  the
p o t e n t i a l l y  l a r g e r  popula t ion  a f t e r  con tro l  due to  a decreased 
n a tu r a l  m o r t a l i t y .  When two a p p l i c a t i o n s  o f  p e s t i c i d e  are  made 
t h e  times f o r  Dare a re  days 6 and 17 and days 5 and 17 f o r  r  equal 
ze ro  and 1 .3 ,  r e s p e c t i v e l y .  For Lee, days 12 and 23 and days 7 
and 21,  r e s p e c t i v e l y .  The l a t e r  t imes f o r  a p p l i c a t i o n  in  Lee a r e  
a r e s u l t  o f  the  longer  per iod o f  t ime t h a t  d e f o l i a t i o n  can produce 
y i e l d  damage.
Again, we f in d  t h a t  when a p p l i c a t i o n  c o s t  i s  co n s id e re d ,  the 
use o f  two d i s c r e t e  a p p l i c a t i o n s  does not produce a g r e a t e r  p r o f i t .
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E f f e c t  o f  SGSB and VBC on Dare -  Continuous Control
The combined damage p o t e n t i a l  r e s u l t s  in  the  c o n t r o l  p o l i c y  o f  
Figure  4 -1 4 .  I t  i s  i n t e r e s t i n g  to  compare t h i s  p o l i c y  w i th  t h o se  o f  
t h e  i n d i v i d u a l  component p o l i c i e s  o f  F ig u re  4-10 .  As a r e s u l t  o f  
c o n t r o l l i n g  t h e  i n i t i a l  i n f l i g h t  o f  t h e  damaging SGSB we d e c re a se  th e  
PP p o p u l a t i o n  and,  t h e r e f o r e ,  t h e  VBC m o r t a l i t y  r a t e .  We must then  
c o n t ro l  t h e  VBC more s t r o n g l y  on"days 10 through 30. L a t e r  season 
season c o n t r o l  i s  f o r  t h e  SGSB.
The v a r i a t i o n  in  t h e  magnitude o f  i n i t i a l  c o n t r o l  due t o  t h e  v a l ­
ue o f  t h e  PP growth r a t e  i s  s i g n i f i c a n t .  We must c o n t r o l  t h e  SGSB, bu t  
we f i n d  a b a la n c e  be tween th e  d e c r e a s e  i n  SGSB damage and t h e  d ec re a se  
in  VBC m o r t a l i t y  due t o  t h e  e f f e c t  o f  p e s t i c i d e  on t h e  PP complex.
When t h e  PP complex r e c o v e r s  from c o n t r o l ,  r  = 1 . 3 ,  we can a f f o r d  a 
h ig h e r  i n i t i a l  SGSB c o n t r o l .  F ig u re  4-15 shows t h e  r e s u l t i n g  PP 
p o p u la t i o n s  a f t e r  c o n t in u o u s  c o n t r o l .  We o b t a i n  a b a l a n c e  between 
p e s t i c i d e  c o n t r o l  and t h e  PP p o p u la t i o n  l e v e l .  F ig u re s  4-14  and 4-16 
d i s p l a y  a  s i m i l a r  c o n t r o l  re sp o n se  t o  t h e  change in  t h e  PP growth r a t e  
as  we obse rved  e a r l i e r .  For a 1 .3  growth r a t e  t h e  second c o n t ro l  peak 
i s  l a t e r .
Once a g a i n ,  when q u a l i t y  r e d u c t i o n  i s  assumed (F ig u r e  4 - 1 6 ) ,  a 
l a r g e r  magni tude in  t h e  c o n t r o l  e f f o r t  i s  r e q u i r e d ,  b u t  t i n n i n g  i s  
a l t e r e d  l i t t l e  (compare w i th  F igu re  4 - 1 4 ) .  The VBC p o p u la t i o n  which reach  
a peak o f  l a r v a e  p e r  f o o t  row a f t e r  c o n t r o l  when damage to  t h e  soybean i s  
by bo th  t h e  SGSB and VBC i s  much lower  than  in  t h e  c a s e  where we c o n t r o l  
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l i n g  SGSB. The SGSB popu la t ion  in  f i e l d s  with VBC damage i s  a l t e r e d  
from th e  case  o f  on ly  SGSB on Dare only during  th e  per iod  o f  VBC con­
t r o l .  The economic va lues  a re  shown in  Table 4-4 .
E f f e c t  o f  SGSB and VBC on Dare -  D i s c re te  Control
As Table 4-4 i n d i c a t e s *  and as expected ,  we apply  p e s t i c i d e  the 
f i r s t  day a f t e r  p o d se t ,  when the  SGSB i n i t i a l l y  i n f e s t s  th e  f i e l d .  The 
per iod  o f  y i e l d  dependency on l e a f  a rea  in Dare i s  not  long enough fo r  
the  VBC to  s i g n i f i c a n t l y  recover  from a day one a p p l i c a t i o n ,  even when 
the  PP growth r a t e  r  i s  z e ro .
When two a p p l i c a t i o n s  a r e  employed, the  t iming o f  the  second 
a p p l i c a t i o n  i s  l a t e r  when q u a l i t y  product ion  i s  no t  considered in 
the  o b j e c t i v e  fu n c t io n .  This  i s  e s p e c i a l l y  apparen t  when th e  PP 
complex popu la t ion  reco v e rs  a f t e r  c o n t r o l .  We aga in  f ind  i t  not  
economical ly  advantageous t o  apply p e s t i c i d e  tw ice  when an a p p l i c a t i o n  
co s t  o f  $1,50 i s  inc luded .
E f fec t  o f  SGSB and VBC on Lee - Continuous Control
The a l t e r a t i o n  in  the  i n i t i a l  days o f  con t ro l  f o r  the  d i f f e r e n t  
PP complex growth r a t e s  i s  even more d r a s t i c  in Lee (Figure 4-17)  than  
in Dare.  In both PP growth r a t e  cases  we in c re a se  the  i n i t i a l  contro l  
magnitude when SGSB q u a l i t y  damage i s  cons idered  (F igure  4 -1 8 ) .  This 
i s  c l e a r l y  j u s t i f i e d  when we cons ide r  the  amount o f  q u a l i t y  damage 
p o s s ib le  in  th e  Lee v a r i e t y  (Table 4 - 5 ) .  The c o n t ro l  po l icy  f o r  $4 
per  bushel beans and o n e -q u a r t e r  q u a l i t y  damage i s  reduced by a 
n e g l i g i b l e  f r a c t i o n  in magnitude throughout  t h e  season as compared 
to  the  $8 .5  per  bushel beans with no q u a l i t y  damage. The r e l a t i v e l y
Table 4-4 
SGSB and VBC on Dare Variety  
Damage and Control 




b u sh e ls /a c re
Control
$ /ac re
Q ual i ty
$/Acre r
Percent
D efo l ia t ion
Time
Applicat-
No Damage 403.33 47.45
No Control 371.34 45.4 14.92 10
Continuous Control 392.11 47.06 6.91 .94 0 .1
Single  Applicat ion 397.27 47.02 1.95 .44 0 29 1
Two Applications 397.49 47.26 3.90 .32 0 5 1, 14
Continuous Control 394.34 47.1 4.88 .92 1.3 . 2
Single  Applicat ion 398.68 47.19 1.95 .45 1.3 9 1
Two Applicat ions 397.65 47.27 3.90 . 2 2 1.3 5 1 , 7
Single  Application 397.67 47.02 1.95 0 29 1
Two Applicat ions 397.81 47.27 3.90 0 4 1, 15
Single  Application 399.13 47.19 1.95 1.3 9 1
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O p t i m a l  C o n t r o l  P o l i c y  -  Damage t o  L e e  b y  S t i n k  Bug anti V e l v e t  B ea n  C a t e r p i l l a r
Table 4-5 
SGSB and VBC on Lee Var iety 
Damage and Control 










D efo l ia t ion
Time 
Appl i c a t i i
No Damage 403.5 47.47
No Control 351.12 44.0 22.54
(24*)
19
Continuous Control 391.65 47.0 7.39 0 .4
Single  Applicat ion 382.68 45.25 1.95 0 36 5
Two Applications 397.13 47.18 3.90 0 5 1 , 17
Continuous Control 389.84 47.1 9.65 .55 0 .2
Single  Applicat ion 385.88 45.7 1.95 .62 0 40 1






b u sh e l /a c re
Control
$ /a c re
Qual i ty  PP Growth 
$ /ac re  r
Percent
D efo l ia t ion
Time 
Appl icati<
Continuous Control 393.73 47.0 5.62 1.3 . 2
Single  Applicat ion 397.55 47.0 1,95 1.3 12 1
Two Applications 397.47 47.22 3.90 1.3 2 1 , 16
Continuous Control 392.40 47.1 7.56 .55 1.3 .1
Single  Applicat ion 396.91 47.0 1.95 .64 1.3 12 1
Two Applicat ions 397.00 47.22 3.90 .47 1.3 2 1 , 16
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reduced expense o f  bean damage in  both cases  lends  themselves to  
s i m i l a r  economic damage p o t e n t i a l s .
The SGSB p o pu la t ions  c o n t r o l l e d  by the p o l i c i e s  o f  Figure 4-17 
demonstra te  once again  the  i n f lu e n c e  t h a t  the PP complex growth 
r a t e  has on th e  con tro l  p o l i c i e s  and, t h e r e f o r e ,  th e  r e s u l t i n g  
p o p u la t io n s .  When the  growth r a t e  r  equals  ze ro  we have l e s s  i n i t i a l  
contro l  and th e  r e s u l t i n g  popu la t ion  i s  l a r g e r .  When th e  PP complex 
recovers  from con t ro l  we can a f fo r d  a more e f f i c i e n t  SGSB control 
p o l ic y .  When q u a l i t y  damage i s  inc luded we o b ta in  very  s im i l a r  
r e s u l t s ,  but with  s l i g h t l y  lower popula t ion  l e v e l s  due to  the  increased  
magnitude o f  e a r l y  season c o n t r o l .
When the  p r i c e  per  bushel o f  beans i s  reduced to  $4 and q u a l i ty  
damage i s  taken  in to  account  we o b ta in  s l i g h t l y  l a r g e r  c o n t ro l led  
SGSB popu la t ions  as compared to  when the  beans a r e  $8 .5  and without  
q u a l i t y  r ed u c t io n .
I t  i s  i n t e r e s t i n g  t o  note  c o l l e c t i v e l y  the  VBC popu la t ions  a f t e r  
t h e  cont inuous  c o n t r o l s  o f  F igures  4-17 and 4-18. S i g n i f i c a n t  
d i f f e r e n c e s  in  popu la t ion  l e v e l s  a re  p re sen t  when t h e  PP growth r a t e  
v a r i e s .  The peak popu la t ion  l e v e l s  a r e  g r e a t e r  by a f a c t o r  o f  1.8 
when the PP popu la t ion  does not  r ecover  a f t e r  c o n t r o l .  Once again ,  
t h e  popula t ions  a re  lower in a l l  cases  when compared w i th  th e  VBC 
when only they  damage Lee. As in  th e  Dare v a r i e t y ,  t h i s  i s  the  
r e s u l t  o f  emphasizing con tro l  o f  th e  SGSB, r a t h e r  th an  o f  the 
VBC popu la t ion .
The PP complex popula t ion  i s  shown in  Figure  4-19 (compare to 
Figure 4-15 f o r  Dare) .  We again  seek the  optimal use  o f  t h i s  natural  
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F igu re  4 -1 9
P r e d a to r -P a r a a ite  P o p u la tio n  on Lee A fter -C o n tin u o u s C ontro l
(F igu re  4 -1 7 )
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E ffec t  o f  SGSB and VBC on Lee -  D is c r e te  Control
D is c re te  con tro l  o f  the  two p e s t  popu la t ions  in  Lee v a r i e s  from 
t h a t  in Dare f o r  t h e r e  do e x i s t  cases  where two a p p l i c a t i o n s  o f  
p e s t i c i d e  in c reases  p r o f i t s .  When th e  PP growth r a t e  i s  z e r o ,  whether  
o r  no t  q u a l i t y  damage i s  cons ide red ,  we f ind  i t  more p r o f i t a b l e  
to  con tro l  tw ice .  This  i s  because th e  VBC popu la t ion  in c rea se s  
enough to  cause damage o f  almost 1 .5  bushels  more than t h a t  due to  
the  u n c o n t ro l le d  VBC p o pu la t ion .  Table  4-5  demonstra tes  the  var ious  
cases  and t h e i r  economic r e s u l t s .
We no te  a change from previous  r e s u l t s  in th e  timing o f  a s in g le  
a p p l i c a t i o n  when r  i s  ze ro  and q u a l i t y  damage i s  not  accounted.  Figure 
4-20 shows th e  VBC popu la t ion  a f t e r  con t ro l  on day 5.
Figure  4-21 d i sp la y s  the SGSB popula t ion  a f t e r  two d i s c r e t e  
c o n t r o l s .  We o b ta in  a l a r g e r  popu la t ion  a t  season end when we control  
on days one and s i x t e e n ,  r a t h e r  than  on days one and seven teen .  This 
i s  because the  younger SGSB nymphs a r e  emerging i n t o  the  c o n t r o l l a b l e  
s tag e s  a t  t h i s  t im e ,  so an e a r l i e r  con tro l  d o e s n ' t  a f f e c t  th e  peak 
s t a g e s .
DISCUSSION
In s tudying  Table  4-3 we f in d  t h a t  when th e  VBC i s  c o n t r o l l e d ,  
th e  continuous con t ro l  po l icy  y i e l d s  an extremum s u p e r i o r  t o  t h a t  
o f  the  d i s c r e t e  p o l i c y .  We ex p la in  t h i s  r e s u l t  in  terms o f  th e  PP 
complex. When a d i s c r e t e  con tro l  o f  99% m o r t a l i t y  i s  employed on 
th e  VBC popula t ion  we a l so  con tro l  th e  PP by 99% and as a r e s u l t ,  
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F igure 4-21
P op u la tion  Southern Green S tin k  Bug A fte r  D is c r e te  C ontrol on Days 1 and 17 
Damage to  Lee by S tin k  Bug and V elv et Bean C a te r p illa r
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con t ro l  we f ind  a ba lance between th e  VBC m o r t a l i t y  c o n t r ib u t i o n s .
I f  we compare th e  d i s c r e t e  and cont inuous  p o l i c i e s  o f  the  SGSB in  
Table 4-2  we f ind  t h a t  the d i s c r e t e  po l icy  y i e l d s  a b e t t e r  optimum.
The d i s c r e t e  c o n t r o l s  o f f e r  the  necessa ry  popu la t ion  r e g u la t io n  with 
the l e a s t  expense, e s p e c i a l l y  when a p p l i c a t io n  c o s t  in inc luded .
We might conclude t h a t  the  ca i t inuous  control  t r a j e c t o r y  of  t h e  SGSB 
approaches a d i s c r e t e  p o l icy ,  bu t  t h a t  the  f i r s t  v a r i a t io n a l  numerical
techn ique  i s  not a b le  to  f ind  t h i s  extremum.
I t  i s  a lso  i n t e r e s t i n g  to  no te  t h a t  the cont inuous  optimum f o r  
when q u a l i t y  damage i s  considered i s  b e t t e r  than  when we d o n ' t  cons ide r  
t h i s  damage. We can conclude t h a t  when q u a l i t y  reduc t ion  i s
included the  response  su rface  i s  more pronounced, d r iv ing  the
numerical technique  so lu t io n  n e a r e r  t o  the  optimum.
We a re  not ab le  t o  sp ec i fy ,  g iv en  the  r e s u l t s  we ob ta ined ,  a 
general  economic th re sh o ld  fo r  f i e l d  use .  The p r e s e n t  recommendations 
inc lude  a count per  f o o t  row o f  one nymph or  a d u l t  f o r  the  SGSB and 
e i g h t  l a rv a e  fo r  the  VBC. The r e s u l t s  in d ic a te  t h a t  we can t o l e r a t e  
up t o  seventy VBC l a r v a e  per f o o t  row in Lee i f  t h e  peak occurs  f i f t y  
days p a s t  podset .  In Lee, the  t im e s  o f  the peak VBC popula t ion  and 
the  t ime when y i e l d  becomes independent  of  l e a f  a r e a  i s  almost  t h e  
same. We can conclude from th e se  r e s u l t s  t h a t  i n  such soybean 
v a r i e t i e s  as Bragg, where m a tu ra t io n  occurs about  two weeks l a t e r ,  
th e  VBC could p r e se n t  a g r e a t e r  t h r e a t .
Though th e  two r a t e s  o f  PP growth p resen t  w ide ly  d i f f e r e n t  
l e v e l s  o f  p o p u la t io n s ,  the  d i s c r e t e  optimal c o n t r o l  p o l i c i e s  i n  Lee 
a l t e r s  t h e  number o f  a p p l i c a t i o n s  i n  only a few c a s e s .  When t h e  PP
complex r a p id ly  recovers  a f t e r  a d i s c r e t e  c o n t r o l ,  then  one p e s t i c i d e  
a p p l i c a t i o n  i s  always s u p e r i o r  to  two a p p l i c a t i o n s .  I t  i s  when the  
PP complex does not  r e co v e r  t h a t  we apply  tw ice ,  once to  co n t ro l  the  
i n i t i a l  SGSB i n f l i g h t  and once fo r  t h e  r a p i d ly  i n c re a s in g  VBC 
popu la t ion .  The most s i g n i f i c a n t  e f f e c t  o f  the  PP complex i s  in  
the  t iming o f  th e  d i s c r e t e  a p p l i c a t i o n s .
I t  i s  i n t e r e s t i n g  t o  no te  the  r a t i o  o f  the  p r i c e  per bushel  o f  
beans to  t h e  c o s t  pe r  pound o f  i n s e c t i c i d e  which produces no 
economic improvement in  t h e  o b j e c t i v e  fu n c t io n  when d i s c r e t e  p e s t i c i d e  
t a c t i c s  a re  implemented. For the Lee v a r i e t y  we f in d  the  r a t i o  equal 
t o  .2  when we assume q u a l i t y  damage, r  equal zero  and an a p p l i c a t i o n  
c o s t  o f  $1.5 per  ac re .  A value  o f  .1 i s  obta ined  when a p p l i c a t i o n  
co s t s  a re  ignored.  In t h i s  r e sea rch  we used a va lue  o f  2 . 1 ,  a commonly 
encountered r a t i o  o f  t h e  c o s t s .
CHAPTER V
CONCLUSIONS
We approached the topic of pest management in an attempt to 
describe the dynamics of a crop ecosystem and to determine optimal 
polic ies  for the use of pesticides. He modeled several dominant 
components of th is  complex and dynamically sensitive  system, and studied 
their individual and interactive responses to manipulation by pesticides.
Our model includes the soyhean plant, a major pod feeder (the 
Southern green stink bug) and a predator-parasite complex which natur­
a l ly  controls a principle defoliator (the velvet bean caterp illar) .
The objective function for which we optimize the system model is  based 
on economics as viewed by the individual grower, including y ield  damage 
and the cost of pesticide control.
We employed two optimization techniques which offer practical 
p o s s ib i l i t ie s .  The logical pattern search technique finds the best 
single  and multiple times for the application of pesticides. This 
i s  directly applicable in f ie ld  pest management situations. The 
second technique, the minimum principle, provides a continuous pesticide  
control policy. This policy would be analogous to a grower dispensing 
pesticide at arbitrarily  specified rates and times. This tact ic  does 
not e x is t ,  but the policy provides expression of the system's response 
to an ideal pesticide application program. It  i s  f e l t  that th is  
technique could be more useful once more quantitative data are 
available on the continuous acting biological control techniques.
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With use o f  th e  o p t im iza t ion  procedures  we show the  sys tem 's  
s e n s i t i v i t y  t o  t h e  p e s t  l i f e  cy c le s  and p l a n t  developmental s t a g e s .
For example, we have shown t h a t  e a r l y  season p e s t i c i d e  a p p l i c a t i o n s  
r e s u l t  in  a l a rg e  d e f o l i a t i n g  popu la t ion  o f  v e lv e t  bean c a t e r p i l l a r  
l a t e r  in  th e  season.  This i s  a r e s u l t  o f  c o n t r o l l i n g  th e  n a tu ra l  
b io lo g ic a l  con t ro l  complex. But the  r e a l  p o in t  o f  i n t e r e s t  i s  the  time 
a t  which t h i s  peak occurs .  In t h e  Lee y a r i e t y  i t  appears  almost  
s im u l taneous ly  w i th  the  time a t  which pod development no longer  depends 
on l e a f  a rea  and, t h e r e f o r e ,  we can a l low the  c a t e r p i l l a r  t o  go uncon­
t r o l l e d  a t  t h i s  t ime.  As a r e s u l t ,  the  damage th re sh o ld  l e v e l s  o f  the 
v e l v e t  bean c a t e r p i l l a r  roust be cons idered  t ime-dependent .  The s tage s  
o f  p l a n t  and p e s t  development i n f lu e n c e  the  optimal t im ings  o f  p e s t i c i d e  
a p p l i c a t i o n .  I t  i s  through methods deyeloped h e re in  t h a t  we can develop 
th e se  time dependent  th re sh o ld  l e v e l s .
In the  Lee and Dare v a r i e t i e s  we f in d  the  Southern green s t i n k  bug 
to  be th e  dominate p e s t  w i th  most  con t ro l  d i r e c t e d  toward i t s  management. 
I f  we co n s id e r  only  the  v e lv e t  bean c a t e r p i l l a r  as  a t h r e a t ,  we f in d  i t  
uneconomical f o r  a d i s c r e t e  99% c o n t r o l .  I f ,  however, th e  i n i t i a l  v e lv e t  
bean c a t e r p i l l a r  popula t ion  i s  g r e a t e r  in magnitude the  d i s c r e t e  technique  
c o n t r o l s  th e  spec ies  a t  popu la t ion  numbers below th e  p r e s e n t l y  
recommended th re sh o ld  l e v e l s .  A f te r  t h i s  con t ro l  we a l low th e  popula t ion  
to  i n c r e a s e  and reach l e v e l s  n ea r ly  tw ice  the  th r e s h o ld  w i thou t  demands 
f o r  a d d i t io n a l  c o n t r o l .  As pods develop they become l e s s  dependent  on 
l e a f  a r e a ,  p e rm i t t in g  g r e a t e r  l e v e l s  o f  popu la t ions  b e fo re  a s i g n i f i c a n t  
r ed u c t io n  in y i e l d .  I t  i s  our  general conclus ion  t h a t  p e s t  i n f e s t a t i o n s  
can be t o l e r a t e d  a t  h igher  l e y e l s  than i s  the c u r r e n t  p r a c t i c e .
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The p r e d a t o r - p a r a s i t e  complex i s  an important  f a c t o r  in  how 
po p u la t io n s  respond t o  p e s t i c i d e ,  because the complex can a f f e c t  
th e  optimal p e s t i c i d e  p o l i c i e s .  In f a c t ,  we f in d  t h a t  t iming and 
magnitude o f  both th e  d i s c r e t e  and continuous p o l i c i e s  are a l t e r e d  
depending on the  r a t e  a t  which th e  b io lo g ic a l  con t ro l  complex recovers  
from a p e s t i c i d e  a p p l i c a t i o n .  Data must be c o l l e c t e d  to  d e s c r ib e  
q u a n t i t a t i v e l y  in  much g r e a t e r  d e t a i l  t h i s  im por tan t  component o f  the  
crop system.
With the  s im ula ted  p r e d a t o r - p a r a s i t e  complex we can s tudy th e  pes t  
p o p u la t i o n ' s  recovery  from p e s t i c i d e  a p p l i c a t i o n s ,  and with comparison 
to  s i m i l a r  f i e l d  co n d i t io n s  determine the  ac tua l  r a t e  a t  which the  
complex can recover .  In  t h i s  way, we can f ind  those  in s e c t s  which 
demonstrate  dynamics a p p ro p r i a t e  t o  t h i s  response .  Though we may not 
unders tand the  d e t a i l e d  i n t e r r e l a t i o n s h i p s  between spec ie s  we should 
a t tem pt  t o  d esc r ib e  them m a them a t ica l ly ,  and through exper imentat ion  
determine the ac tua l  responses .
We do not  b e l i e v e  t h a t  the  r e s e a r c h  to o l s  demonstrated he re  have 
reached t h e i r  peak o f  u s e fu ln e s s .  We have shown t h a t  crop system 
modeling can provide in formation  which can be used t o  b e t t e r  d esc r ib e  
systems and to  guide ex p e r im en ta t io n .  As more q u a n t i t a t i v e  information 
i s  ob ta ined  on crop p e s t s  we should  in c o rp o ra te  t h i s  in form at ion  in to  
our  models and determine the c r o p ' s  response.  The r e s u l t  i s  bound to  
be a r e q u e s t  f o r  more d a ta  s p e c i f i c  to  the  problem re levance .  In t h i s  
way, t h e  model ing-experimentat ion feedback loop provides  a powerful 
impetus f o r  progress  i n  research  i n  p e s t  management.
Today, p e s t  management e f f o r t s  a r e  in c r e a s in g  in s o p h i s t i c a t i o n  
w i th  the  automation o f  f i e l d  popula t ion  measurements and the  use o f  
computers in  grower c o n s u l t i n g .  As th e se  techniques  become more r e ­
l i a b l e  and accep ted  t h e r e  w i l l  be need f o r  p r a c t i c a l  and e f f i c i e n t  
popula t ion  models and o p t im iza t io n  techn iques .  The techniques  
developed in  t h i s  r e s e a r c h  show promise f o r  use in  p es t  management 
programs o f  t h i s  s o r t .
T r a d i t i o n a l l y ,  eng inee rs  have no t  been a c t i v e  in  i n t e r d i s c i p l i n ­
a ry  resea rch  in  these  a r e a s .  But th e  p o t e n t i a l  f o r  a p p l i c a t i o n  o f  
mathematical and systems methods we commonly use i s  g r e a t .  This i s  
t r u l y  one a r e a  where modeling e f f o r t s  can prove v i t a l  in  o rgan iz ing  




Dependent V a r ia b le s
c o n t r o l  vec to r*  f r a c t i o n  c o n t r o l l e d  p e r  day
v e c t o r  o f  s t a g e  p r o b a b i l i t y  f u n c t i o n s
v e c t o r  o f  c o - s t a t e  v a r i a b l e s
v e c t o r  o f  normalized dependen t  s t a t e  v a r i a b l e s
t ime and age dependent  p o p u la t i o n  SGSB, number p e r  f o o t  
o f  row
time and age dependent  p o p u la t i o n  VBC, number p e r  f o o t  
o f  row
SGSB damage, grams p e r  f o o t  o f  row 
VBC damage, grams p e r  f o o t  o f  row
dry  s tem  w e ig h t ,  grams p e r  f o o t  o f  row
dry  pod w e ig h t ,  grams p e r  f o o t  o f  row 
d ry  l e a f  w e ig h t ,  grams p e r  f o o t  o f  row
PP complex,  p o p u la t io n  p e r  f o o t  o f  row
d a i l y  SGSB punctures
a g e -d ep e n d e n t  number o f  SGSB seed p u n c tu re s
Independen t  V a r i a b l e s  
t ,  T t i m e ,  days
y ,  Y s p a t i a l  c o o r d i n a t e ,  days
F u n c t io n a l s
g ,  f  o r d i n a r y  and p a r t i a l  d i f f e r e n t i a l  e q u a t io n s  
H H am il ton ian
IP o b j e c t i v e  f u n c t i o n ,  d o l l a r s  p e r  f o o t  o f  row
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Operators
j j  _  
at' ’ ay
J L  p a r t i a l  d i f f e r e n t i a l s  wrt t im e  and th e  s p a t i a l  vec to r
d__
dt o rd in a ry  d i f f e r e n t i a l  wrt t ime
A{ ) d i f f e r e n c e  o p e r a t o r
z_T t ra n sp o se  o f  z_
F* Fermi- approximation
6 v a r i a t io n a l  o p e ra to r
Subspaces and S e ts
D Euclidean subspace
V s e t  of  ad m iss ib le  control  f u n c t io n s
C-j con t ro l  i n e q u a l i t y  c o n s t r a i n t s
Constants  and Parameters
AsAc.Ag co n s ta n t  o f  Fermi approximation 
Ap a p p l i c a t i o n  c o s t  per  fo o t  o f  row
b-j base po in t  in  p a t t e r n  search
B-| ( y ) 9 Ov ip o s i t i o n  r a t e  o f  SGSB and VBC
B2(y)
c-j d e f in e s  c o n t r o l l a b l e  s tag e s
SGSB and VBC feed ing  r a t e s
c 2(y)
Cjj PP ca p a c i ty  f o r  VBC feeding
D{y) SGSB damage f u n c t io n
D-| d ry  weight p roduct ion
^2'^3*D5 ’ r a t e s  anc* c o n s ta n t s  in p l a n t  model
D,
Constants  and Parameters ( c o n t . )
E{y) puncture  r a t e ;  emergence f u n c t io n  
E1*E2 ,E3 ’ co n s ta n ts  in  P la n t  model
co n s ta n t  in p l a n t  model 
c o n s tan t  u n i t  a rea  in p l a n t  model 
p e r tu rb a t io n  in  t  
immigration,  number per day 
m u l t i p l i e r ;  p e r tu rb a t io n  in s p a t i a l  c oo rd ina te
m o r t a l i t y  c o e f f i c i e n t s  SGSB and VBC
p e s t i c i d e  m o r t a l i t y  c o e f f i c i e n t s
PP feeding m o r t a l i t y  f r a c t i o n  
s ta g e  m o r t a l i t y
product  o f  ranges  o f  s p a t i a l  coo rd ina te  
m o r t a l i t y ,  number per  day
immigration c o e f f i c i e n t
qi ' i + l (y) i n t e r s t a g e  i n f l u x
«r
f r a c t i o n a l  d i s c o u n t  fo r  q u a l i t y  reduct ion
r dummy v a r i a b l e ;  PP growth r a t e
R(y) contro l  c o s t  p e r  fo o t  o f  row
*i time o f  growth l ap se  in p l a n t  model
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Constants  and Parameters ( c o n t . )
^ s tag e  s ta g e  re s idence  time
w dumny v a r i a b l e
o_* u n i t  v e c to r
3 p r i c e  per  gram of dry pod weight pe r  f o o t  o f  row
5 Dirac d e l t a  fu n c t io n ;  v a r i a t i o n a l  o p e ra to r
s te p  change vec to r  in  p a t t e r n  search 
0 impulse response fu nc t ion
i.j.k.m, general subscripts
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The fo llowing f ig u r e s  r e p re s e n t  p o pu la t ions  o f  t h e  SGSB and 
VBC a f t e r  p e s t i c i d e  c o n t r o l .  The f i g u r e s  r e fe ren ce  th e  corresponding 
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P op u la tion  Southern Green S tin k  Bug a f t e r  Continuous C ontrol (F igure 4 - 9 ) ,
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F igure 1 -4
P o p u la tio n  V e lv e t  Bean C a te r p il la r  A f t e r  C ontinuous C on tro l (F igu re 4 -1 3 )  
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F ig u re  1 -7
P op u lation  Southern Green S tin k  Bug A fte r  Continuous C ontrol
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P o p u la tion  Southern Green S tin k  Bug A fte r  Continuous C ontrol (F igure 4 -1 7 ) . Damage to
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F igu re  1-12
P op u la tion  Southern Green S tin k  Bug A fte r  C ontinuous C ontrol (F igure 4 -17)  
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F igure 1-13
P op u la tion  Southern Green S tin k  Bug A fte r  Coninuous C ontro l (F ig u re  4 -1 8 ) .  
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P o p u la tion  Southern Green S tin k  Bug A fte r  C ontinuous C ontrol (F igure 4 -18)  
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F igu re  I~16
P op u lation  V elvet Bean C a te r p illa r  A fter  Continuous C ontro l (Figure 4 -1 8 )
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APPENDIX II 
DISCRETIZATION OF POPULATION 
DYNAMICS MODEL
166
P resen ted  in  Chapter I I  a re  th e  c e n te re d  d i f f e r e n c e  a lgo rithm s 
which can be used f o r  th e  numerical s o lu t io n  o f th e  system s t a t e  and 
c o - s t a t e  eq u a tio n s .  In t h i s  appendix we o u t l in e  th e  a p p l ic a t io n  o f  
th e  a lgorithm s and p re s e n t  the r e s u l t i n g  a lg e b r a ic  equations  used.
168
The normalized sp ec ies  eq u a tio n  of change i s  
zniax 3 z ( t ,y i) ^max ^ z ( t ,y )
^ ---------- ^ —  + - y “ “ 3y—  + Ck^y) + <?Cy)) W z t t . y )
+ 0  -  k ( y j ) u ( t , y ) k u (y) Zmaxz ( t , y )
+ 1 + W C t . y )  = q(y)zref
CP
where th e  v a r ia b le s  a r e  d e f in e d  in C hap ter  I I .  We drop  th e  argum ents,
and w ithou t lo s s  o f  g e n e r a l i t y  assume Zmax equal 1. Using the  c en te red
d i f f e r e n c e  an a lo g s .
z i -  1 / 2 , n + 1 / 2  = V 2 ^ i ,  n + 1 + z i -  1 ,  n*
=  1 ( 7  - 7 + 7  “ 7  )
W  Z aT ^ i ,  n + 1 i , n  z i - l ,  n+1 z i - l , n
i -  1 / 2 , n + 1 / 2
3y = 2ay ẑ i , n  + 1  z i -  1 ,n + 1 + z i , n " z i - l , n ^
i -  1 / 2 , n + 1 / 2
where a t  and a y  a re  th e  d i s c r e t e  increm ents  in  time and sp e c ie s  age, 
r e s p e c t iv e ly .  We o b ta in  as  our d i s c r e t e  e q u a t io n ,
Bl ( z i„n  + 1 z i , n  + z i -  l , n  + 1 “ z i -  l , n ^
= BzCz-i, n + 1 “ * i  -  1 , n + l 1
+ B4Cz i ,  n + 1 + z i -  1 , n) + B6  
1 + Bs(z i , n  + 1 + z i -  l ,n >
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with the B's defined as
B] = l /2 A t  Bg -  -  tm/C2ymAy)
( k + q + ku 0  -  k)u)
b4 = “ za kp 
B5 = l / 2c p
B6 ” ^m^ref
Solving for the unknown n + i yields 
D1 z i Zn + 1 + °2 2i ,  n + I “ d3
where
D1 = B-|B5 - B2B5 - B3B5
°2 = z i -  1, n + 1 (B1B5 + B2B5) - z i , n(BiB5 + B2B5)
-  2B3B5z 1* - l tn + (B-| - B2 - B3 - B4 -B5Be)
and
d3 = (z i,n  - zi - 1, n + O tBl + B2i+ (B1B5 + B2B5) z ^ n
+ z i - l ,n  tBl -  B2 + B3 + B4 + 8585)
+ fzi - 1, n 2̂ b̂1b5 " b2b5 + B3B5) + B6
We use the quadratic formula to solve for the value of z ^ n + 1
2 1/2  
Z i ,  n + 1 * -  DZ ± ( D 2 t 4 D i D 3 r '
2D1
We f in d  th e  s o lu t io n  num erica lly  using th e  p o s i t iv e  s ig n ,  which can be 
shown to  be c o r r e c t  by s tudy ing  th e  l i m i t s .
When Cp approaches i n f i n i t y  o r P(y) = o v y ,  then  th e  second-o rder  
polynomial becomes f i r s t - o r d e r  in  z-j n + •]. The s o lu t io n  techn ique  i s  
then  g r e a t ly  s im p l i f i e d .
When t^A t = ymAy, then (B-j + B2 ) i s  z e ro .  This g r e a t ly  s im p l i f i e s  
th e  numerical d i s c r e t i z a t i o n  scheme.
APPENDIX I I I  
FLOW CHART OF SOYBEAN PLANT MODEL
171
The soybean p la n t  dynamics employed in  the system s im u la t io n
i s  based upon a lo g ic a l  model w r i t t e n  by Rudd (1975) o f  th e  LSU
Department o f  Computer S c ience . The d a ta  base was c o l le c te d  by
R.L. Jensen . Here we p re se n t  a  flow; graph of the  model.
The model begins a t  p la n t in g  and c a lc u la te s  the  pod, stem and
le a f  w eights  through crop  h a rv e s t .  In th e  s im u la t io n  we assume a
48 inch  row sp a c in g .  In a d d i t io n  to  th e  d e f i n i t i o n  o f  terms in  th e
Nomenclature and Table 3-5  we d e f in e ,
IT as d i s c r e t i z e d  tim e
t Q as tim e a t  which pod development begins
t-. as tim e a t  which pod development i s  independent o f  l e a f  
a re a
and
SENRTE a s  th e  r a t e  o f  l e a f  sen esc in g .
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Figure I I I - l  
Flow Chart o f  Soybean P la n t  Model
TOTWT = z c+z-+z,=0
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COMPUTER PROGRAM FOR THE NON-LINEAR 
PROGRAMMING SOLUTION
179
The program for the determ!nation of the best single and multiple 
pesticide application times i s  based on the pattern search technique.
The program integrates the SGSB, VBC and PP population equations for 
each calculated estimate of the control policy.
After reading the number of applications allowed and an estimate of the 
in it ia l control times POPSB is  called to calculate the SGSB population.
The POPVBC and PLANT are called to integrate the VBC and soybean plant 
equations. With these values the object!ye function is  evaluated.
Then PATERN is  called and the next estimate of the control times is  
evaluated.
It must be noted that the program lis ted  here was originally compiled 
on the Sigma V, which has limited storage capacity. We therefore made 
liberal use of the machines overlaying capacity. If the program is  
to be executed without th is structure several variables may have to be 
redefined when calling a subroutine. For with the overlay procedure 
all subroutine DATA are rein itia lized  when that subroutine is  called.
Input requires the time and age lim its , dollar cost values, 
stage probability distributions and an estimate of the control poTicy.
At the end of the source lis tin g  is  a se t of input data, units are 
described in the source lis t in g .
C LEE. V A R I E T Y  h e  S 9Y8EAN
C PRBGRAM T9  I N T E G R A T E  THE SBYBf AN P l a N T . V e LVET  R E an
C C A T E R P I L L A R ,  S 9 J T H E R N  GRFF.N S T J \ <  BJG AND P r f D At o R- PARAST  T f  CBMPLe X
C P 0 P U L A T I 8 N  MODELS.
C SJBR9UT I N F  SLANT I S  THF SOYBEAN PLANT FR0M PRDRET Tft m A P V F S T ,
c s j b r s u t i n e  P0PV3C'1 is  v f L V e t b e a n  C a t e r p i l l a r  a n d  ^ r f d a t B r  c o m p l e x  
C S J B R 9 U T I N E  PRPSB I S  SOUTHERN GREEN S T I N <  3US M R D f “
C S J B R 9 U T I N E  PATTERN I S  L9 GT C AL  P A T T f RN SEARCH .  THc S' URROUTI Nf  I S  
C MADE A V A I L A B L E  THR9UGH . . . . . . . . . . . . .  L S J  D E P T .  CwE m t C a I E N G I N E E R I N G
C « * » » * * « * # # * * « » # * * * # * * * * * # * * * * * # . # * # # * * # * * * * * # # « # * # * * * * . * # * # * # . * * # # « * * * #
c u is t h e  t i m e  d e p e n d e n t  c o n t r o l  v e c t q r
C z i  SGSB,  NUMBER/ FT  RQN 
C Z8  VBC* MAGNI TUDE /  FT R9
c 2 3  d a m a g e  3 y  s g s b ,  g r a m  r f d u c / f t  r s w
C Z U  DAMAGE 3Y VBC GRAM R F O J C / F T  Row
C Z5  s t e m  W E I G H T ,  GRA M/ F T  Rfi-V — •-----------
C Z6  WEIGHT OF » 0 D 3 ,  G R A V f t  ROW
C 2 7  WEIGHT 9 F  L E A ? S ,  GRA M/ FT  R0W
C 28  P R E D A T Q R - P A R A S I T E  COMPLEX*  N J M R E R / F T  RBW, N9RMA LT7 ED  ( 0 - 1 )
C 2 9  I S  THE SJM 0F  BUG PUNCTURES PER F 0 8 T  R9W
C PR9GRAM O B J E C T I V E  I S  T9 M I N I M I Z E  I P ,  WHERE I P  TS THE O B J E C T I V E  F UN C T I O N  
C Y I E L D  I S  PfiD WEIGHT AT HA R V E S T ,  DRY f i M / F y  RB'W 
C BENCST I S  BEAN P R I C E ,  t / B i ) S H F L  
C C9NCST I S  P E S T I C I D E  COST PFR POUND,
C A=PCST I S  p e r  ACRf C 9 3 T  OF P E S T I C I D E  A P P L I C A T I O N ,  <fe/AfRF 
C Q J L R T 9  I S  Q U A L I T Y  R A T I O  Rf D J C t I ON
C D A , D T  ARE NSRMa L I . T Z E D  AGE AND T I M f  I NCREMENTS
C TMMAX I S  MAXIMJM SEASONAL T I M E  FROM P9 DSF T
C A3EMAX I S  MAXIMUM AGE 9 r  SPF CT F S
C I r ,  NP ARE NUMBER OF t n c r f ^ f n t s  I N  AGE a n d  t i m e
C S 3 S 3 P S  PERCENT D I S T R I B U T I O N  9 r  STAGES AT ANY AGr  FOR THE SOUTHERN GREFN 3'JG 











n RETURN I S  $ Y I  E L D / G R A  ^ 9F PLANS . 5 / 3 J R M E L * Afi I P / B U r HFL
B2 AN r R I S  WEI GHT F R A C T I O N  BEAN 9 F  P 0 D ,  f > . 7 
P E S T I C I D E  C9ST I S  CBNCSTs* * < * . / 2 / 1 0 r 9 0  = . 0 0 0 1 * 9 7
FT  R9W PER ACRE *  1 0 3 9 0 *  1 / 2  LB F * R  9 9  PFRCEMT T ^ m TRBL
E6  I S  PP CBMPLEX 3R9/JJM R A T r
Z 2 I N F R  I S  M J L T I P L T F R  9F I n T T I a L VBC POPULATION)
N P I S  NlJMBFR 0 F  A3 P L I  CAT I f^M TTMES  
AC AND A2  A^E CONSTANTS 3 f  F ERMI  A3 P R 9 X I MA T I B N
d a t a  b a s e d  ? n t m m a x * 6 0  d a y s
P R I N T  P 0 P U L A T I 9 N  AND o { A N t  I F  I p R l N T  » 1
r e a l  1 °
DI MFMSI 9 N!  Z 3 ( 9 l ) * Z A ( 9 1 ) , U ( 9 1  J 
D I M F N S I 3 N  SGSB3 S < 6 , 1 0 1 ) . V B C P S ( 8 . 5 M  
D I M E N S I O N  I T l ( P O )
C9MM0N TMMAX,  AGEMAX,  T F j N F ,  I F 1  . N F l  j SG S B P S ,  V R ^ p S , 7 2 T M F R , F 6 * N P  
2 * l T l * T l C f J S T # I C K # I S .  I FA T L . ,  t a r r  
R E A D ( 5 ,  1 )  TMMAX,  AGEm AX*  I F , N F # I F 1 . N ^ l  
R E A D ( 5 , A )  3 E N C 3 T ,  E B N C S T , A P P C S T ,  T J L R T 9 ,  FJ6j Z p TNf r  , N P  
READ I 5 ,  41 AC* A?
P R I N T  1 0 1 , T M M A X , A 3 E M A X , \ | F ,  T F , 3 E \ l C S T  ,  C 0 N C 9 T ,  A=»PCST,Qi l l  R T f t , E 6  
DATA I P R I N T  / l /
DATA N R D / l /
I A R R = 0  
I r A I L - 0  
I C * 0  
I C < = 0
C D E F I N E  STAGE P R B B A R I . I t Y 0 T ST R I  9 JT T 9 \ S
READt  5 ,  21 £ ( S 3 S 3 p S £ 1 * J 1 * !  = 1 , fc1 * J = 1 * AO 1 
R E A D ( 5 , 3 1  £ ( V B C P S t I , J J , T » 1 , 8 > / J « 1 > 3 9 )
0 9  5  J = A G * 101  
0 9  5 1 = 1 * 8  
I F  £ J * L T  * B 0 )  3 9  T9  A 
I F ( T . L E * f )  S G S 9 P S ( I i J l s H  
6 I F t J . G T . S A )  G9 T9 5 
V9 CP3  £ I ,  J U O
CD
5 C9NTINJE
DA * i  * / f l o a t ( Tr >
DT = W F L P A T I  NP)
C D E P I N E  C 9 N T R 0 L  VECTOR  
RE A D 1 5 / 7 )  U 
D9 31 I « 1 # NP1
C CORRECT E9R 0 E F SE T  I NDUCED BY N U M E R I C A L  A PP R P *  M A T  T0N  
31 U ( I I ) / ( ? . - J ( T n
C D E R I V E  I T 1 AS THE O P T I M A L  STORAGE ARRAY 
C THE DAY 0M E H I C H  *'E CBNTR r L 
R E A D ! b # 8 )  I T 1  
3 0  C 9 V T I N J E
C CALCULATE P O P U L A T I O N  Ma j N T T U D f  
CALL SEGL8AD ( 1 )
CALL P9 PSP ( 2 3 # U / I ° S I N T , Z9  >
CALL SEGLOAD ( 2 )
CALL POPVRC ( 7 4 / U # I d R I N T )
C CALCULATE Y I E L D
CALL SEGLOAD ( 3 )  
c a l l  p l a n t  ( Z 3 , z a , y i e l d , t p r i n t j  
C CALCULATE O B J E C T I V E  R J N C I TO N #  I P  
V 2 = 0 .
V 5 * 0 »
09 20 I s 2 j NE1 
C A = P L I C A T I 8 N  COST
V 5 b A P P C S T / ( 1 « + A C * E X P ( - A ? # ? * * U ( I ) / ( ? . + U ( T ) 1 n / I O a D O .  
* + V 5  
C CONTROL COST
?0  V 2 * V 2 + C 0 V i C S T / ? I 7 8 O . * ( S . * i J <  T ) / ( ? . + U (  T ) ) > * * ?
C q u a l i t y  r e d j c t i s n
V A * 7 9 # . 0 0 0 7 1 8 5 ? # B E N C 3 T * . 0 0 0 0 2 5 7 # y t E L D * Q U L P t r  
C Y I E L D
V I *  - Y I E L D * B E V C S T * . 3 0 0 0 2 5 7  
Y I E L D s Y I E L D # * 2 7 9 9  
I P = V 1 + V 2 + V A + V 5  
C P R I N T  CUST YALJ LS
PRINT 11*TO ,VIc;l D#V1*V*,V2.V5  
I P R I M T - O
I P t N R D . N E . i )  59  T9 61  
C CALL S U :i R 9 U T I M E  F 3R ^ATERN SEARCH  
CALL SEGLBAD ( A )
CALL PATERN < I = / U / V t R 0 )  
I F ( N R D . E 3 . 1 )  39  T9 3 0  
I P R I M T i=1 
G9 T3 3 0
61 C 9 N T I N U E  
STOP
1 F 5 R M A T ( 2 “ 3 » 0 / A l 3 J
2 E 9 R M A T < 3 X / 6 E 1 0 . A )
3 P 9 R M A T { 3 X j 8 F 1 • 0 )
A E 9 R M A T ( l X / A E i o , 0 / l X , 2 F 1 0 * 0 / 1 3 )
7 F 9 R M A T { 4 0 F 2 # 2 )
8 F 9 R M A T ( 2 3 1 2 )
10 F 9 R M A T ( •  CALCJuATEO Y l F L O  T S ' / E * , ; ? , » 3 U S H F L S / A r R r >
a / '  I N D E X  9F  PEREBRMANSE I S  ' / F l o # 8 / * / E T  R 9 / M )
11 F B R M A T l 1 X / 6 E 1 5 . A / / )
101 F9RMAT ( I X /  ' MAXIMUM T l * E  AND AGF I N D A Y S ' / ? E R * 1 / s X j l A N T  THF RESPECT
*  I V E  NUMBER 9P 0 1 SCRe TF I  N i CR E ^ E ^ T S ' /  2 ^ 8 *  1 / I X ,  * C 9 S T S  ! $ /cUJSHEL B E A N S t ,
« ' t F 5 » 2 / 8 X i »$ / ° 9 U N D  P E S T T C I O E ' / r S * ? / S X j i $ / a C R E  A P P L T C A T T B N « » F 5 * 2 / 8 X  /  
♦ / ' P E R  CEMT R E D J C T I 9 \  BE 4 / 3 U S H F L  BY 3 U A L I T Y * / F s . 3 / 1 X * ' PREDATOR CB
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S U B R 9 U T I ME  P0PYBC ( 7 4 , U , ( P R I N T )
S J 3 R 9 U T I N E  I NT EGR ATES ST C F N T f RED D I F F E R E N C E  T h F v r C p D f  AMD BY F'JLER MfrTHBD 
THE 9DE F9R DR E D A T 9 R - 3 A R A S I T E  COMPLEX
CBMM9N TMMAX,  AGEMAX# T F . N F ,  I F i ^ n P I j S G S S P S ,  V 3 r P S # Z ? T N F R # F 6  
D I  SENS I SM Z 2 (  2 # 5 4 ) , Z 4 ( * 5 1 ) # Z 8 ( 9 1  > # ‘J ( 9 l  ) # S G S R P S {  A # l O l ># V B C P S ( 8 # 5 4 )  # 
? Z 2 l N T ( 5 4 ) # C 2 ( 5 4 ) # C 2 S ( 9 l # P 0 P ( l O )
D I M F N S I 0 V  H 1 ( 5 * ) , H 2 ( 5 4 ) , H 3 ( 5 4 ) , h 4 { 5 4 )  # H 3 T R T H ( S a )  
c H I  , H g  # ' 3 #  AND h a  ARE AGE DEPENDENT C P E r l C l F N T S  f a R  THF V F L v F T  BEAN f A T E R P I L  
C DATA BASED 9N T M M a X * 6 0  DAYS
C H I  = T M M A X / 2 * ( M 8 R T A L I T Y  + T M M I 3 R A T 1 9 N  C0 EFF I C T F N T S 1 
C HP *  T M M A x / 2 * ( D I S T R I 9 U T l 8 N  0F  C 0 N T R 9 L  E F F 0 R T  ) *  ( 1  - m r R T  AL T TY G R O F F . )
C H3 « T M M A X / 2 M D I S T R I 3 J T I P N  0 F PR F D A T 0 R  E F F E C T }
C H4 = T M M A X / 2 * t I M M I G R A T 1 9 \  C 9 F F F ) * < R E F • p 0 p U L A T T 0 N  mAGNTTUDF>
C C °  I S  C A P A C I T Y  0 F PREDAT9R C 0 M P L E X ,  Z P / ( l + ( 7 / C P ) }
C EA *  (PREDATOR BTRHT MI NU S D f ATH)
C H 3 I R T H  I S  V3C 3 1RTH C 0 F r F T C ! FMTS  
C ASSUME I M M I 3 R A T I 9 N  ZERO 
DATA H 4 / 5 4 * 0 « /
C NATURAL M OR T A L I T Y  0 F 13  PFp CFNT PFR S T A q e
DATA H l / 3 * 1 . 3 9 # 1 . 7 4 # 2 . 0 9 # 1 . 5 7 # 3 * 1 * 0 4 # 1 . 2 2 # 2 * 1 , 9 q # 1 . 2 2 # 9 * 1 . 0 4 #
2 1 . 2 2 / 2 * l » 3 9 / . S 7 # l l * » 3 5 # » 4 4 # 7 * . 5 2 # * 4 l # 1 4 * . 3 /
c c o n t r o l  e f f e c t i v e  bn l a r v a  s t a g e s  o n l y  
d a t a  H 2 / 3 * C . # 2 8 * 1 . # 2 3 * 0 * /
C PREDAT0RY M O R T A L I T Y  3 ?  17  PER CFNT »£=? STAGF
DATA H 3 /  3 * 1 . R 6 # 2 . 3 3 # 2 « 8 # 2 t l # 3 * l * 4 # 1 * 6 3 , 2 * 1 . 8 6 * 1  * 6 3 , 3 * 1 . 4 # 1 * 6 3 #
2 2 * 1 *  8 6 # 1 * 1 6 # 1 1 * * 4 7 # . 3 8 # 7 * . 7 # . 5 4 9 # 1 4 * . 3 9 3 /
C C2S I S  D A I L Y  R E D J C T I 9 N  I N  GAR MS PER S T A 3 p  ? 1 5  r M * * 2 / S R A M
DATA C 2 S / 0 * # 0 * # 0 * # * 0 1 4 3 # . 0 2 9 1 # * 2 1 8 # . 2 6 1 6 # D . # 0 . /
DATA C 2 / 5 4 *  0 *  0 /
DATA H 3 I R T H / 4 0  * 0 . # 2 0 . # 5 7 . 5 # 7 5 * , 6 2 * 5 / 4 5 . # 4 0 . # 3 0 . # 1 5 . # 5 , # 5 * 0 . /
DATA Z 2 I N T / 3 * 1 . # 2 * « 0 D 0 3 4 # 4 * . 0 0 6 9 1 #  3 * * 0 2 9 # 4 * . 0 3 9 5 #  3 * . 0 1  P I # 8 * . 0 0 1 #
2 4 * . 0 O 5 # 4 * » 0 u 7 5 # ‘J' *»OD05# 4 * * 0 0 4 #  11 * 0 * /
DATA Z 2 R E F , C P / 1 . # 1 0 . /
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APPENDIX V
COMPUTER PROGRAM FOR MINIMUM PRINCIPLE SOLUTION
199
200
The numerical s o lu t i o n  o f  t h e  minimum p r i n c i p l e  r e q u i re s  the  s o lu t io n  
to a two-poin t  boundary-value  problem. The approximation to  the  
s o lu t io n  technique  i s  used to  so lve  fo r  the  optimal  control  t r a j e c t o r y .  
Here the  boundary cond i t ions  a r e  s a t i s f i e d ,  b u t  th e  contro l  i s  i t e r a t e d  
upon. We e v a lu a te  th e  f i r s t  necessary  c o n d i t io n  f o r  an extrema and, 
with  use o f  a m u l t i p l i e r ,  s ea rch  along the  g r a d i e n t  f o r  a b e t t e r  
e s t im a te  o f  the  c o n t r o l .  The golden s e c t io n  one-dimensional search i s  
used to  e v a lu a te  th e  b e s t  m u l t i p l i e r  va lue .  Once ag a in ,  t h e  program i s  
based on an o v e r la y  s t r u c t u r e  and care  should be taken when conver t ing  
to  d i f f e r e n t  execu t ion  schemes.
The input  r e q u i r e s  on ly  th e  c o s t  values and i n i t i a l  c o n t r o l .  A 
ty p ic a l  s e t  o f  i n i t i a l  c o n d i t io n s  follows th e  source  l i s t i n g .
Output on th e  f i r s t  and l a s t  i t e r a t i o n  o f  th e  control  inc ludes  the  
s t a t e  and c o - s t a t e  equa t ions  v a lu e s .  On in te rm e d ia te  i n t e g r a t i o n s  
the con t ro l  and o b j e c t i v e  fu n c t io n  values a r e  p r in t e d .
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CALL ° : ) PVBC £ Z 4 , U , I DR l N T , P r p )
C CALCULATE Y I E L D
CALL S E G . f i AD ( ? )
CALL P L A \ T  ( Z 3 , Z 4 , Y T E L D , I P R I M T , 7 9 )
C N9TE Z3  N9U STORES ADA 
C NOTF 74  NBV STORES AD7 
C P R I N T  COST VALUES
P R I N T  1 0  ,  Y I E . D  
I P (  T T N j M . F Q .  1 )  GO TO ?:i  
C CALL FOR A D J O I N T  ? AMDs 
CALL SFGLf iAD ( * )
CALL ADUOT? ( Z 4 , U i  I p  R I N T , t p C ? )
C CALL FRR A D J O I N T  1 
CALL S F G L 9 A D ( 5 )
CALL ADJOT 1 £ 7 3 , U , I ^ R I N T , T P C 1 , Y I E L D )
2 0  CONT I NUE
C CAL P9R C A L C U L A T I O N  OP O B J E C T I V E  AND NpW CONTROL T RAUr CTORY  
CALL SEG^OAD ( 6 )
CALL BR Y < F L  t U , T P R I n T , I P C I , I P C 2 , P F 1 , P F ? , Y I E I  D ; T T N U N , 7 q )
I F ( I T N U M . G E . l ) GO TO 3 0  
STOP
1 FORMAT £ 2 ~ 3 » 0 , 4 I 3 )
2 F O R M A T ( 3 X # 6 F 1 0 * 4 )
3 F 9 R M A T ( 3 X , 8 - 1 * 0 )
5 F ORMAT ( 1 X , 4 r I Q , 0 / l X , P F 1 0 ^ 0 / 1 3 )
6 FORMAT £ 4 D E P * 2 )
10  F ORMAT { ' OCALCULATED Y I F  L D T S ' , P p « 2 , ' G R A M S ' }
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* ' i  E 5 • 2 / S X , ' S / P O U N D  P E S T T C I D F ' / P B ' P / R Y , i $ / A C R E  A p P L 1  CAT T AN i , F 5 » 2 / 8 *
* ,  * PER CFNT R E D J C T I O N  RF * / G U S H E l  b y  3 l M L T T Y » j F q . 3 / l X ,  ' PREDATOR COM  
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C G2 *  D I S T R I B U T E S  EFFECT 9F  CQMTRSL -  CO^TRftL OF 4 T U /  STM AMD a DULTS  
DATA 3 2 / 0 * / 0 * / 9 * * 0 * /  0 * * 0 • / * 0 0 0 1 / * 0 0 0 2 / * 0 0 0 5 * * 0 0 1  1 / * 0 0 2 6 / * 0 0 5 2 /
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4 1 • / 1 • / 6 4 * 1  * /
C C l  I S  THE FEED I M3 RATE -  ASSUHE TW9 REAM ATTACK*  RrAM WF T” HT = * 1 3 6  GRAMS 
DATA C l S / O * / C * / 0 * / * 0 7 3 3 / * 0 7 0 3 / * 0 7 9 7 / * 0 8 7 0 /
DATA SGS3PS / l . * 5 * 0 . * * 9 9 ^ 4 / , 0 0 0 6 / 4 * 0 . / . 9 9 4  * . 0 0 5 6 / . 0 0 0 4 , 3 * 0 , / * 9 6 2 5 /
2 * 0 3 4 6 / * 0 0 2 9 / 3 * 0 * / * 8 5 3 4 / * 1 3 2 7 / * 0 1 3 6 / « 0 0 0 2 / 2 # 0 * " * * 6 2 6 0 / • 3 2 7 o * * 0 4 6 /
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9 * 4 3 0 5 / *  0 8 9 6 / • 0 0 7 9 / • 0 / * 0 9 2 9 / • 3 6 1 5 / * 4 7 8 7 / « 1 2 3 4 . *  0 1 2 4 / * 0 *  * 9 2 / * 2 7 6 4 / * 5 2 9 7  
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CQMMON TNmAX,  AQEHAX,  T F , N !f  ,  I P  1 ,  N F 1 , 3 A , D T ,  < 7  j  r * »MCST,  R F N f S T ,  APPCST#  
* T J L R T 9 , Z ? T N F R , E 6 , S T 0 R , 7 ? , Z a  
D I M E N S I O N  A 0 7 ( 9 1 ) , J ( 9 1 J # 7 ? < 9 l # 5 4 ) , Z * t 9 1 ) , A D ? ( P . * 4 1 * I P r P t 9 1 ) , H 1 ( 5 * )  
? , C 2 ( 5 4 )  , C ? S ( 9 ) ,  H P ( 5 4  ) , V B C P S ( 8 , 5 4 ) , H 3 ( 5 4 )  , p B o ( i 1 ) ,  ADR ( P ) ,  A D 4 ( 5 4 )
3 , V R C P S S ( 9 ) i S T D R  <101  )
C V 3 C DSS I S  D A Y  g r  NEXT STAGE  
C P " 2  I F l Z 2 . L T . 0 1  P - 2 s Z ? » » P  
C H I ( 5 4 )  I S  M O R T A L I T Y  S 9 F ~ r * T T MA X / ?
C C a t 5 4 )  I S  F E E D I N G  R A T E ,  AGF D F P E N D f N T  
c c a s t 9 )  i s  d a i l y  r - d u c t t o n  t n  s p a n s  p f r  S t a g f  
C H2 ( 5 4 ) i s  AGE D E P E N D E N T  CONTROL F F r r C T  
C H 3 1 5 4 ) I S  P R E D A T O R Y  MORTAi  T T Y  *  W A X / ?
C C 3  I S  C A R R Y I N G  C A P A C I T Y  OF p R f O A T O R  c o m p l e x  
C E 6  I S  B I T T H  -  D E A T H  F O R  P R F D A T O f ?
c data  b a s e d  on tmnax = ?sd da y s
data  H l / 3 * 1 . 3 9 , 1 . 7 4 , 2 . 0 9 , 1 . 5 7 , 3 * 1 . 0 4 ,  1 , ? ? ,  ?*1 . S o ,  1 . 5 ? .  R* 1* 0 4 ,
?  1 * 2 2 , 2 * 1 . 3 9 , . 3 7 #  1 1 * . 3 5 , . 4  4 , 7 * . 5 2 ,  . 4 1 , 1 4 * . ? /
D A T A  H 2 / 3 * 0 « , 2 S * l . , ? 3 * O * /
D A T A  H 3 /  3 * 1 * 8 6 , 2 * 3 3 , 2 * 8 , 2 * 1 * 3 * 1 * 4 , 1 * 6 3 , 2 * 1 . 8 A , 1 . 8 3 , 3 * 1 . 4 , 1 * 6 3 ,
2  2 *  1 * 8 6 ,  1 . 1 6 ,  1 1 * * 4 7 ,  * 5 8 ,  7 * .  7 ,  * 5 4 9 ,  1 4 * .  3 0 9 /
D A T a C 2 S / 0 * , C * , 0 * , * 0 1 4 5 , * 3 ^ 9 1 , * ? l R , . ? 6 l 6 / 0 . . 0 . /
DATA C 2 / 5 4 * 0 » 0 /
DATA V 3 C 3 S S / l # 5 , b , I D , 1 3 , 1 7 , 2 0 , 3 ? , 4 0 / * T P / 1  0 • /
DO 7  I = 1 ,  N F 1 
7  i P C R d l a ?
I F  ( T P R I N T . E 3 . 3 )  P R I N T  1 
N = N'F1 
< = 0
DO 10  1 = 1 , 5 4
H i  t I ) = H 1 ( I ) # T ' M A V / 6 U
H3 <1 ) = H3( I ) *TNMAX/ 60*
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c v fU cu <C
•>
LU
oif) onC cro •-* >£j
SUBROUTI NE A D J 3 T 1  { A D 6 , I * TPR I N T , I  P C I * Y T E L D )
REAL l o c i
C 9 M m 9 N  T MMA X ,  A G E y A X j  T F i  \ f-  * I ~  1 ,  N F 1 ,  DA ,  D T ,  < 7  * r ^ s I C S T *  R F N C  S T * A P & C S T *  
« D J L R T 9 * Z 2 1 NFR*E6 *Z11 
PIMFNSI8 N A D 6  (9 1 )* U ( 9 1 ) * Z 1 f 2 * loi) # A 0 1 (  2 # 1 01 ) j T p!" 1 {9 1 J # 7 1 1 ( 1 0 1 )  *
2 G l (  1 0 1 1 * 3 2 ( 1 0 1  >* C1  ( l D l l # C : i S < 7 J  . S G S 3 D5 ( 6 *  1 - 1  5 P R p ( R ) i A ^ 5  i n n  
3 *  S 3 1 R T H ( 1 0 1 ) *  P 3 P I  ( 8 ) * 3 U G PUC ( 101  1 * A T < R A T < 7 )
P - l  I S  P EN A L T Y  FOR r  3 A T I  v r  P O P U L A T I O N  
p r i  i s  i n n . L T . o )  p - i s 7 i * * 2  
61  I S  M O R T A L ! T T Y  Z Q £ ~ ? ,  *  T M M A X / 2  
C l  I S  F E E D I N G  R A T E * A3F DFPF NDF NT
g ?  i s  a 3 e  d e p e n d e n t  c o n t r o l  b y  p e s t t c i d e
S 3 S 3 P S I S  S T A 3 E  P R 9 3 A 3  T<_ I TY D I S T R I B U T I O N
d a t a  b a s e d  o n  t n n a x  = a d  d a ^ s 
d a t a  C 1 / 1 0 1 # G . /
DATA Z 1 R E F / W
D A T A j 3 I R T H / 0 * # 0 . * 0 . * 0 « * C »  < 0 * * 0 , * 0 * # 0 . * 0 » # 9 » * 0 .  • O * * 0 » # f ) » * f " ) . # 0 . # 0 . #  
8 0 . # 0 . # 0 . * 0 . j O . » 0 . * D . * 0 . # 0 . # 0 . * 0 . * 0 . # 0 . # 0 . # D . # 0 . . 0 * . 0 . # n . / 0 . # 0 . # 0 . #
3 0 *  * . 0 0 0 1 * . 0 0 0 4 *  * 0 0 1  2 *  . 0 r s P R ,  . 0 0 6 ? *  . 0 1 2 *  * 0 2 1 ,  . 3 3 3 * / ,  n 4 9 6 *  . 0 6 9 7 *  . 0 9 1 8  
A / • 1 ? 4 1» * 1 6 7 5 #  * ? 1 8 3 * * 0 8 ' 4 8 * .  3 6 4 ? #  . 4 5 8 9 *  * 5 6 4 0 *  • 6 7 4  • * 7 3 3 7 #  • 8 2 r ' 9 *  * 9 9 6 9  
5 * 1 * 1 0 5 * 1 * 2 2 5 * 1 * 3 5 5 * 1 * 4 9 * 1 * 6 3 5 # ] * 7 8 5 # 1 * 9 3 5 # 3 * 0 8 5 . 2 *  ? 3 # 2 . 3 5 5 * ? » 4 5 5 #  
6 ? . 4 9 5 *  ? . 5 1 5# 2 * 5 3 * 2 . 5 6 #  ? . 6 f : 5 *  2 . 6 4 5 * ? . 6 7 * ? . 6 7 .  2 . 6 ^ * ? , 6 4 * p . 6 5 . 2 . 6 7 5 *  
7 ? * 7 #  p » 7 o b #  p .  6 9# 2 *  6 6 5 *  P .  6 45#  2*6E> * P * 6 7 5 * 2 *  9 5 #  2 • 6  q5  # p . 6 7 » ? . 6 3 * 2 * 6 #  
8 2 * 5 9 *  2 . 5 9 * 2 * 5 9 /
DATA 3 1 / 0 * #  . 0 0 3 #  • 0 7 5 #  . < * 89*  ? •  0 1 9 ,  2 .  6 1 #  4 .  3. "7# 4 . ? 4 B *  3 . 3 ^ 8 * 3 . 6 7 8 #
2 4 .  1 3 1 * 3 . 4 9 4 * 2 . 3 7 5 # 1 . 6 6 ?* * . 6 9 8 *  1 , 9 7 7 , 2 . 1 8 6 , P . 2 9 1 ; ? . = 7 7 *  ? . 2 3 7 # 2 . 0 2 1  * 
3 1 . 8 4 8 * 1 . 8 3 2 # 1 * 8 1 5 # 1 - 8 5 9 * 1 . 8 3 3 * 1 . 7 3 4 , 1 . 5 6 8 * < . 3 5 1 , 1 . 19 6 # 1 . 1 7 5 # 1 • 1 9 1 #  
4 1 * 7 q 7 * 1 . 6 1 * 1 . 1 6 3 * 1 * 2 1 4 , . 9 0 5 * . 7 4 6 * . 9 4 * . 7 2 * 1 . 2 5  * 1 . 2 7 . . 3 6  * . 3 ? 4 # . 4 4 3 #  
5 . 7 4 , . 5 8 9 # * 3 ? 3 * * 3 8 9 #  * 3 2 7 *  * 2 6 7 #  * 2 1 0 #  * 2 2 1  * * 2 0 4 *  *1 p p * • 1 5 6 * ,1  8 8 , * 2 2 7 #
6 * 2 7 6 #  * 3 0 2 #  * 3 3 9 *  * 4 2 3 #  * 51 9 ,  * 6 2 4 #  * 7 9 4 * . 8 4 2 *  * 9 4 1  # 1 , n ? 8 , l , 1 n 3 # ] * 1 6 6 #
7 l  * 2 i  3# 1 .  ? 6 8 * l *  3 1 9 #  l .  3 7 1 # * * 4 2 4 ,  1 ,  ■ + 7 2 * 1 . 5 o 3 * l » 5 l i  , 1 * 4 3 ? *  1 , 4 1 ? # 1 . ? 9 9  
8 # 1 * 1 5 4 *  , 9 9 *  . 8 2 5 #  * 67 ' *  * * 5 3 7 #  .  4 ? 6 # * 9  9 6 # * 2 6 4 #  . ? o 6 # t i 6 l . » t ? B *  * 0 9 2 #  * 0 6 6 *  
9 . Q 4 7 #  * 0 3 1 5 *  * 0 1 9 5 *  * 0 1 2 * . 0 0 7 5 # * 0 0 4 5 #  * 0 0 3 /
DATA 3 2 / C . *  0 * *  0 . *  0 *  * 0 * * 0 . * . 0 0 0 1  * . 0 0 0 2 * . 0 0 0 5 * . 0 0 1 1 # . 0 0 9 6 , . 0  0 5 2 *
2 • Q 0 9 6 * * 0 1 7 #  * U 2 8 3 *  « 04  4 7 , .  ' 6  7 6 *  * 0 9 5 *  * 1 3 6 7 * . 1 7 9 9 * . ? 3 6 r # . 2 9 9 8 * . 3 6 9 4 #
3 * 4  4 2 7 /  . 5 0 6 5 *  * 5 3 9  3*  ■ *57=5# * 7 1 9 /  • 7 7 3 /  * 8 1 7 4 *  * 851  9 * . f l 7 9 4 z  . 9 1 . * 9 ? /  * 9 9 /
4 1 • / 1  * / 6 4 * 1  • /
DATA C l S / 0 * , 0 * / 0 * /  * 0 7 3 3 /  * 0 7 0 * 3 /  • 0 7 9 7 j * 0 8 7 0 /
DATA S 3 S 3 P S  / l * / 5 * 0 . / * 9 9 5 4 . . 0 0 0 6 / 4 * 0 * /  * 9 9 4 . . 9 0 5 6 / * 0 0 0 4 . 3 * 0 * /  * 9 6 2 5 /
2 * 0 3 4 6 , .0 0 2 9 / 3 * 0 . j . * 5 3 4 , , 1 3 2 7 / . 0 1 3 6 , . 0 0 0 2 , 2 * 0 . .  .6 2 6 0 /* 3 2 7 0 /* 0 4 6 ,
3 • 0 0 0 9 # 2 * 0 * / * 3 4 1 3 , . 5 3 9 1 / • 1 1 6 7 / . 0 9 2 8 ,  * 0 0 0 1 * * 0 / . 1 p 7 4 . * 6 3 1 2 , . 2 3 4 ,
4 * 0 0 7 2 /  * 9 0 0 2 / 0 * /  * 0 3 0 * / * 5 6 4  9 ,  * 3 8 8 .  * 0 1 5 8 /  * 0 0 9 5 / 0 . .  * 0 0 4 7 /  . 4 1 3 9 /  . 5 4 9 7 /
5 * 0 3 0 5 1 • 0 0 1 1 / 0 » / *  0 0 0 4 # . 2 6 9 5 , • 6 8 3 3 / *  9 5 3 2 / 0 0 2 5 / . 9 0 0 1 / 0 . . • 1 4 5 7 / *  7 6 3 6  
6 / • 0 8 5 5 / * 0 0 5 / * 0 0 0 2 / * 0 / • 9 7 6 7 . . 7 8 5 5 / * 1 2 8 1 / * 0 0 9 ? / *  On 0 4  * * 0  / * 0 4 2 7 / * 7 5 9 7  
7 / * l 8 0 6 / * 0 l 6 1 / »  0 0 0 9 / 0 * / * 0 2 9 . . 7 ? 1 6 /  • 2 4 l l / * 0 2 6 6 / * 9 9 1 6 . • 9 / . 0 ? 4 5 z  * 6 2 4 6 /
8 » 3 q 6 2 / * 0 4 1 8 / • 0 0 2 8 / . 0 / *  0 2 3 2 / *  5 3 8 / . 3 7 1 ? / * 0 6 2 5 / . 9 0 4 8 . *  0 / . 0 3 3 / • 4 4 8 5 /
9 * 4 3 0 5 / * 0 8 9 6 / * 0 0 7 9 / . 0 / « 0 2 2 9 / *  3 6 1 5 / * 4 7 8 7 / *  1 2 3 4 / . n l ? 4 / . 0 / • 9 2 / * 2 7 6 4 / » 5 ? n 7  
1 5 2 0 7 / * 1 6 0 9 / * 0 1 7 7 / * 0 / * 0 9 / . 2  0 5 8 / * 5 3 5 1 / * 2 0 7 5 , * 0 2 6 3 . . 0 . * 0 / . 1  4 8 / * 5 2 9 1 /  * ? 5 8 4
2 2 5 8 4 / * 0 3 7 4 / . 0 / * 0 / * l 0 3 3 / * 5 0 4 , * 3 l 1 l , »0 &2 8 / . 0 / . 0 / . 0 7 0 5 /  . 4 6 3 4 /  . 3 6 2 8 /  1 ?
3 * 0 7 l 4 / . 0 / * 0 / * 0 4 7 S / . 4 I l 7 / . 4 1 o 2 / * 0 9 4 / . 0 / * 0 / * 9 3 2 8 t . 3 5  9 9 / » 4 5 r‘3 / * 1 2 0 7 /  13
4 2 * 0 * / * 0 2 3 6 / . 2 9 4 7 / * 4 8 0 5 . . 1 5 1 / 2 * 0 * / * 0 1 8 1 , . 2 3 3 . . 4 3 8 8 / . 1 8 4 4 / 2 * 0 * / * 0 1 5 1  14
5 / .  1 8 6 7 / . 5 0 4 4 / . 2 2 / 2 . 0 * / * 0 1 3 5 / . 1 4 ? 4 / . 4 9 7 2 / *  2 5 6 6 . 0 * 9 , ,  , 0 1 3 7 , , 1 0 5 9 /  15
6 * 4 7 8 4 / * 2 9 2 7 / 2 * 0 * / * 0 1 2 3 *  * 0 7 7 / . 4 4 9 5 / * 3 2 6 7 / 2 * 9 * / * 9 1 / *  0 5 . . 3 7 » . 3 9 / 2 * 0 * /  16
7 * 0 1 / * 0 2 7 7 / * 3 2 7 / . 4 0 1 8 / 3 * 0 * / * 0 2 / * 3 / * 4 6 / 3 * 0 . / * n l 5 . . 2 5 » * 4 9 i 3 * 0 * i * O l / » 2 l  17
8 1 / * 4 8 / 3 * 0 * / * 0 0 9 5 / • 1 7 / • 4 6 / 3 * 0 * / *  0 0 9 / • 1 3 5 / * 4 1 , 3 * 0 . # . 0 0 8 7 . *  1 3 2 4 / . 3 8 6 2  18
9 / 4 * 0 * / * 0 6 / * 3 / 4 * 0 * / *  0 5 / •  ? a / 4 * 0 * / . 0 4 5 / * 2 6 / 4 * 3 * / * 9 4 / • ? 4 , 4  * 0 • / » 0 0 4 2 6 /
1 * 2 3 9 6 / 5 * 0 * / *  1 8 / 5 * 0 . / * 1 6 / 5 * 3 * / * 1 3 / 5 * 0 * / * 1 * 5 * 0 * / * 9 8 / 8 * 0 * • * 0 6 / 5 * 0 •  /  2 0
1 * 0 5 / 5 * 0 . / . 0 3 / 5 * 0 * / » 0 2 5 / 5 « 0 . / * 0 2 / 5 * 0 . / . 0 1 5 * 5 * 0 * . . 0 1 . 5 * 0 . / * 0 0 5 / 5 * 0 * /  21
2 . 0 / 2 5 2 * 0 . /  ? 2
DATA A T K ? A T / 3 * C . / 3 . . 3 . 4 . 4 . 5 / 4 , 1 / , S U 3 P U C / 1 0 1 * 0 . /
DO 7 I * 1 / M P 1  
7 I 1 1 1 ) =  0
I r { I PR I NT. C13 • 31 P2 I \lT 1
n *mf 1
DO 10  1 * 1 / 1 2 1  
C ADJUST d a t a  t o  N£/ l  TM1j!AX 
G1 ( T ) s 31 ( I U T ^ A X / 6 9 .
A * 0
DO 15  J a l / 6  
A s A + S G S ? p S ( J / I )
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